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Description 

Field of the Invention 

s [0001] The present invention relates to a method for the production of polynucleotides conferring a desired phenotype 
and/or encoding a protein having an advantageous predetermined property which is selectable or can be screened 
for In an aspect, the method is used for generating and selecting or screening for desired nucleic acid fragments 
encoding mutant proteins. 

10 BACKGROUND AND DESCRIPTION OF RELATED ART 

[0002] The complexity of an active sequence of a biological macromolecule, e g proteins. DNA etc.. has been called 
Its inlormation content ("IC"; 5-9). The information content of a protein has been defined as the resistance of the active 
protein to amino acid sequence variation, calculated from the minimum number of invariable amino acids (bits) required 
75 to describe a family of related sequences with the same function (9, 10) Proteins that are sensitive to random muta- 
genesis have a high information content, in 1974, when this definition was coined, protein diversity existed only as 
taxonomic diversity. 

[0003] Molecular biology developments such as molecular libraries have allowed the identification of a much larger 
number of variable bases, and even to select functional sequences from random libraries Most residues can be varied, 

20 alihough typically not all al Ihe same lime, depending on compensating changes in the context. Thus a 100 ammo acid 
piotein can contain only 2,000 different mutations, but 20""°*^ possible combinations of mutations. 
[0004] Information density is the Information Content/unit length of a sequence. Active sites of enzymes tend to have 
a high information density. By contrast: flexible linkers in enzymes have a low information density (8) 
[0005] Current methods in widespread use for creating mutant proteins in a library format are error-prone polymerase 

2S chain reaction (11, 12, 19) and cassette mutagenesis (8, 20, 21, 22, 40, 41, 42). in which tho specific region to be 
optimized is replaced with a synthetically mutagenized oligonucleotide. Alternatively, mutator strains of host cells have 
been employed to add mutational frequency (Greener and Callahan (1 995) Strategies in Mol Biol. 7: 32). In each case, 
a mutant cloud' (4) is generated around certain sites in the original sequence 

[0006] Error-prone PCR uses iow-fidelity polymerization conditions to introduce a low level of point mutations ran- 

30 domly over a long sequence Error prone PCR can be used to mutagenize a mixture of fragments of unknown sequence 
However, computer simulations have suggested that point mutagenesis alone may often be too gradual to allow the 
block changes that are required for continued sequence evolution. The published error-prone PCR orotocols are gen- 
erally unsuited for reliable drnpiificaiion of DMA fragments greater than 0 5 to 1 0 kb, limiting their practical application. 
Further, repeated cycles of error-prone PCR lead to an accumulation of neutral mutations, which, for example, may 

35 make a protein immunogenic. 

[0007] In oligonucieotide-directed mutagenesis, a short sequence is replaced with a synthetically mutagenized oli- 
gonucleotide. This approach does not generate combinations of distant mutations and is thus not significantly combi- 
natorial. The limited library size relative to the vast sequence length means that many rounds of selection are unavoid- 
able for protein optimization. Mutagenesis with synthetic oligonucleotides requires sequencing of individual clones 

-^0 after each selection round followed by grouping into families, arbitrarily choosing a single family, and reducing it to a 
consensus motif, which is resynthesized and reinserted into a single gene followed by additional selection. This process 
constitutes a statistical bottleneck, it is labor intensive and not practical for many rounds of mutagenesis. 
[0008] Error-prone PCR and oligonucleotide-directed mutagenesis are thus useful for single cycles of sequence fine 
tuning but rapidly become limiting when applied for multiple cycles. 

45 [0009] Error-prone PCR can be used to muiagenize a mixture of fragments of unknown sequence (11 , 12). However 
the published error-prone PCR protocols (11, 12) suffer from a low processivity of the polymerase. Therefore, the 
protocol IS very difficult toemploy forthe random mutagenesisof an average-sized gene. This inability limitsthe practical 
application of erroi -prone PCR 

[0010] Another serious limitation of erior-pione PCR is ttiat the ;ate of down-rnutations giows with the information 
50 content of the sequence. At a certain information content, library size, and mutagenesis rate, the balance of down- 
mutations to up-mutations will statistically prevent the selection of further improvements (s:ati3tical ceiling) 
[0011] Finally, repeated cycles of error-prone PCR will also lead to the accumulation of neutral mutations which can 
affect, for example, immunogcnicity but not binding affinity 

[0012] Thus error-prone PCR was found to be too gradual to allow the block changes that are required fo^ continued 
55 sequence evolution (1 . 2). 

[0013] In cassette mutagenesis, a sequence block of a single template is typically replaced by a (partially) randomized 
sequence Therefore the maximum information content that can be obtained is statistically limited by the number of 
random sequences (i e , library size) This constitutes a statistical bottleneck, eliminating other sequence families v^/hich 
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prP not cur-entiv ^:>est Dut wh cn may rave greater long tsrm potential 

[0^14] Further mutagenes.s w„h synth.t.c oi.gonuc eo.aes repu.es sequencng o. ,na...duai clones . er e.cn se- 
ectJ round (20, Therefore this aoDroach ,s tedious and ,s not practical for many rounds of mutagenesis 
S 5] " r": prone PCB and cassette mutagenesis are thus oest su„ed and have been widely used or t,ne- uning 
L^a! of cor^paratively ,n.orrT.at:on content An example ,s the selection of an RNA ligase noozyme from . random 
lihrarv using many rounds of amohiication by er-or-prone PGR and selection ( 3j 

Sil61 T s becoming increasingly clear our sc:en:if ic tools for the design of recombinant linear Diolopical sequences 
L?^h L pro e'n RNA and DNA arl not suitable for generating the necessary seauence diversity needed to optirr^ize 
many des °ed properties of a macromolecule or organism Finding better and better mutants depends on searching 
0 more ard more sequences w.thn larger and larger libraries and increasing numbers of cycles of mutagenic amp^^fi- 
^tion and -lecron a^^^^^^^^ However as discussed above the existing mutagenesis methods that are in wide- 

soread use have distinct limitations when used for repeated cycles 

rroiTl Evolution of most organisms occurs by natural selection and sexual reproduction. Sexual reproduction en- 
l^irmixlng a"d corr^bining of the genes of the offspnng of the selected individuals During meiosis^ homologous 

5 omo omes from the parents iine up with one anotner and cross-over par, way f^^^^^]^^^^^ ^;:Z^2 

genetic materal Such swapping or shutlling of the DNA allows organisms to evolve more rapidly (1 f^^'^^^' 
^ecombilion because the inserted seauences were of proven uti.ty in a homologous environment, the .nserted 
seguen es are liKely to still have substantial information content once they are insened -^^j^--^^;^,,^ 
ro018l Marion et al (27'. descnbes the use of PGR in vnro to monito- recombination in a pla.m d having directly 

>o ^lldtquences Irfor. e> al. discloses iha. recombination wil, occu, during PGR as a resuU of breaKing or nicKing 
oHhe DNA Th,s will give nse to lecombinant molecules Meyerhans e, al (23) also disclose the existence of DNA 

;S°or"- ter:;'o;::d Molecllar Evolution r^^S, means the application of an evolutionary Resign a.gorithr. to 
a specific useful goal. While many different Horary formats for AME have been reported lor oolynuc^ot des 11 -.4^ 
popt^cl and proteins (phage (15-17). laci (1 8, and polysomes. ,n none of those formats nas recombination by random 
cross-overs been used to deliberately create a combinatorial library ^ , a nrr„«,n nf lOO ammo 

roO201 Theoretically there are 2.000 different single mutants of a 100 ammo acid protein A protein of 100 ammo 
Sas 20^0ott,ble cor^binations o, mutat.ons, a number which is too large to exhaustively explore ,ona 
rn^hods I, would be advantageous to develop a system which would allow the generation and screening of all of these 

Ztrr;cowo?e;; (43.44) have utilized an ,n wvo s.e specific recombination systen. to combine I, ^ht 
S antZdy genes with heavy chain antibody genes for expression ,n a phage system. However. ''^--V- 
on specific sites of recombination and thus ,s limited. Hayash, et al. (48) report simultaneous mutagenesis of antibody 
rnR rpnions in sinale chain antibodies (scFv) by overlap extension and PGR. 
3S S22 Ca en e a (45) describe a method for generating a large population of multiple mutants using random m 
1^0 icomb nation However, their method requires the recombination of two different libranes of plasmids. eac brary 
^^i q a dfferen, selectable marKer. Thus the method ,s limited to a finite number of recombinations equal to the 
number of eleCLble markers existing^ and produces a concomitant linear mcrease in the number of -rRe ^e - 
Snked to the selected sequence(s). Caren e. al. does not describe the use o, multiple selection cycles, recombination 

1:^er^et":r;4'6^^?:^G:;;:zl . a,, (47) report th. ^ recomb,na„on between two homologous but 
Sed^n ec^oxin geries on a plasmid can produce a hybrid gene. Radman et al (4S) report ™ 
o, substantially mismatched DNA sequences in a host cell having defective mismatch repair enzymes, resulting in 

. K'Twt^d ral°antageous to develop a method tor the production of mutant proteins which method allowed 
develoamem of large libraries of mutant nucleic acid sequences wnich were easily searched The invention 
qeVrr bed htein is directed to the use of repeated cycles of pom. mutagenesis, nucleic acd ^^"^9 ^ ^ 
which allow (o, Ihe diiecled molecula, svolulion ,n v,uoo\ highly complex linea, sequences such as piolems Ihiough 

=0 'r^S" 'rc«y It would be aovantageous to develop a method which allows for the production of large libraries 
LT^u ant DNA RNA or proteins and the selection o, particular mutants for a desired goal The invention descnbed 
hlrnl d^ected to the use o, repeated cycles of mutagenesis in vivc recombination and - 
tho directed molecular evolution >n vivoano ,n vnrooi highly complex linear sequences, such as DMA RNA or orotcns 

'ZZ:^Z^,.s Of tne .resent invention will cecome apparent from the following description of the inven- 
tion With reference lo the attached arawings 
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SUMMARY OF THE INVENTION 

[0027] The present invention is directed to a method for generating a selected polynucteottde sequence or population 
of selected polynucleotide sequences, typically in the lorm o\ annplified and/or cloned polynucleotides, whereby the 

5 selected polynucleotide sequence(s) possess a desired phenotypic characteristic (e g encode a polypeptiae pronnoie 
transcription of linked polynucleotides bind a protein, and the like) which can be seiecied for One method of identifying 
polypeptides that possess a desired structure or functional property such as binding to a predetermined biological 
macromolecule (e g , a receptor) involves the screening of a large library of polypeptides tor individual library members 
which possess the desired structure or functional property conferred by the amino acid sequence of the polypeptide. 

^0 [0028] In a general aspect, the invention provides a method, termed "sequence shuffling", for generating libraries of 
recombinant polynucleotides having a desired characteristic which can be selected or screened for Libraries of re- 
combinant polynucleotides are generated from a population of related-sequence polynucleotides which comprise se- 
quence regions which have substantial sequence identity and can be homologously recombined in vitro or in vivo, in 
the method, at least two species of the related-sequence polynucleotides are combined in a recombination system 

1^ suitable for generating sequence-recombined polynucleotides, wherein said sequence-recombined polynucleotides 
comprise a portion of at least one tirst species of a related-sequence polynucleotide with at least one adjacent portion 
of at least one second species of a related-sequence polynucleotide. Recombination systems suitable for generating 
sequence-recombined polynucleotides can be either: (1 ) in vitro systems for homologous recombination or sequence 
shuttling via amplification or other formats described herein or (2'i in vivo systems for homologous recombination or 

20 sUe-specific recombination as described herein. The population of sequence-recombined polynucleotides comprises 
a subpopulation of polynucleotides which possess desired or advantageous characteristics and wnich can be selected 
by a suitable selection or screening method. The selected sequence-recombined polynucleotides, which are typically 
related-sequence polynucleotides, can then be subjected to at least one recursive cycle wherein at least one selected 
sequence-recombined polynucleotide is combined with at least one distinct species of related-sequence polynucleotide 

25 (which may itself be a selected scqucncc-rccombincd polynucleotide) in a recombination system suitablcfor generating 
sequence-recombined polynucleotides, such that additional generations of sequence-recombined polynucleotide se- 
quences are generated from the selected sequence-recombined polynucleotides obtained by the selection or screening 
method employed. In this manner, recursive sequence recombination generates library members which are sequence- 
recombined polynucleotides possessing desired characteristics Such characteristics can be any property or attnbute 

30 capable of being selected for or detected in a screening system, and may include properties of an encoded protein, 
a transcriptional element, a sequence controlling transcription, RNA processing, RNA stability chromatin conformation, 
translation, or other expression property of a gene ortransgene, a replicative element, a protein-binding element, or 
the like, such as any feature which confers a selectable or detectable properly 

[0029] The present invention provides a method for generating libraries of displayed polypeptides or displayed an- 

35 tibodies suitable for affinity interaction screening or phenotypic screening. The method comprises (1 ) ootaining a first 
plurality of selected library members comprising a displayed polypeptide or displayed antibody and an associated 
polynucleotide encoding said displayed polypeptide or displayed antibody and obtaining said associated polynucle- 
otides or copies thereof wherein said associated polynucleotides comprise a region of substantially identical sequence, 
optionally introducing mutations into said polynucleotides or copies, and (2) pooling and fragmenting, by nuclease 

-^0 digestion, partial extension PCR amplification, PGR stuttering, or other suitable fragmenting means, typically producing 
random fragments or fragment equivalents, said associated polynucleotides or copies to form fragments thereof under 
conditions suitable for PCR amplification, performing PCR amplification and optionally mutagenesis, and thereby ho- 
mologously recombining said fragments to form a shuffled poof of recombined polynucleotides, wnereby a substantial 
traction (e.g.. greater than 10 percent) of the recombined pofynucleotides of said shuffled pool are not present in the 

-^5 first plurality of selected library members, said shuffled pool composing a library of displayed polypeptides or displayed 
antibodies suitable for affinity interaction screening. Optionally, the method comprises the additional step of screening 
the library members of the shuffled pool to identify individual shuffled library members having the ability to bind or 
olheiwise inteiacl (e g., such as catalytic antibodies) wiLh a pf edetermined macromolecule^ such as for example a 
proteinaceous receptor, peptide, oligosacchai ide, virion, of otl let piedetei mmed compourid oi str uclure. Tlie displayed 

50 polypeptides antibodies, peptidomimetic antibodies, and variable region sequences that are identified from such li- 
braries can be used for therapeutic, diagnostic, research, and related purposes (e g catalysts, solutes for increasing 
osmolarity of an aqueous solution, and the like), and/or can be subjected to one or more additional cycles of shuffling 
and/or affinity selection The method can be modified such tnat the stop of selecting is for a phenotypic characteristic 
otner than binding affinity for a predetermined molecule (e.g.. for catalytic activity, stability oxidation resistance, drug 

5S resistance, or detectable phenotype conferred on a host eel!), 

[0030] In one embodiment, the first plurality of selected library members is fragmented and homologously recombined 
by PCR jn vitro Fragment generation is by nuclease digestion partial extension PCR amplification PCR stuttering or 
other suitable fragmenting means such as described herein Stuttering is fragmentation by incomplete polymerase 
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extension oi templates A reconnbinaton torma: based cn very short PGR extension ttnnes was employed to create 
parti^^i PGR products which continue to extend off a different template in the next (and subsequent) cyclers- 
[0031] m one emoodiment the first plurality of selected library members is fragmemedip vitro the resultan: fragments 
transferred into a host cell or organism and homologousiy recombined to form shuffled library members jn yiv^ 
[0032] In one emoodiment the first plurality of selected hbran/ members s cloned or amplif ea on episomally repii- 
cable vectors a muliplicity of said vectors is transferred into a eel! and homologousiy recombined to form shuffled 
libran,^ members in vivo 

[0033] (n one embodiment the first plurality of selected library members is not fragmented^ but is cloned or amplified 
on an eptsomally replicable vector as a direct repeat or indirect (or inverted) repeat, which each repea: comprising a 
distinct species of selected library member sequence said vector is transferred into a cell and homologousiy recom- 
bined by intravector or mter-vector recombination to form shuffled library members in vivo 

[0034] In an embodiment, combinations of in xMi^ and in viyo shuffling are providec to enhance combinatorial diver- 
sity 

[0035] The present invention provides a method for generating libraries of displayed antibodies suitable for affinity 
interaction screening The method compnses (i) obtaining a first plurality of selected library members comprising a 
displayed antibocy and an associated polynucleotide encoding said displayed antiDody. and obtaining said assoc'ated 
polynucieoiides or copies thereo^ wherein said associated polynucleotides comprise a region of substantially identical 
variaole region framework sequence, and (2) pooling and fragmenting said associated polynucleotides or copies to 
form fragments thereof under conditions suitable for PGR amplification and thereby homologousiy recombining said 
[ragmenls lo (orm a shulfled pool of recombined polynucleotides comprising novel combinalions of CDRs. whereby a 
substantial fraction (e.g.. gieater than 10 percent) of the recombined polynucleotides of said shuffled poo! compiise 
CDR combinations which are not present in the first plurality of selected library members, said shuffled pool composing 
a library of displayed antibodies comprising C DR permutations and suitable for affinity interaction screening. Optionally 
the shuffled pool is subjectec to affinity screening to select shuffled liorary members whicn bind to a predetermined 
epitope (antigen) and thereby selecting a plurality of selected shuffled library members. Optionally, the plural ty of 
selected shuffled library members can be shuffled and screened iteratively, from 1 to about 1 000 cycles or as desired 
until library members having a desired binding affinity are obtained, 

[0036] Accordingly, one aspect of the present invention provides a method for introducing one or more mutations 
into a template double-stranded polynucleotide, wherein the template double-stranded polynucleotide has been 
cleaved or PGR amplified (via partial extension or stuttering) into random fragments of a desired size, by adding to the 
resultant population of double-stranded fragments one or more single or double-stranded oligonucleotides, wherein 
said oligonucleotides comprise an area of identity and an area of heterology to the template polynucleotide: denaturing 
the resultant mixture of double-stranded random fragments and oligonucleotides into stngle-stranded fragments: incu- 
bating the resultant population of single-stranded fragments with a polymerase under conditions which result in the 
annealing of said single-stranded fragments at regions of identity between the single-stranded fragments and formation 
of a mutagenized double-stranded polynucleotide: and repeating the above steps as desired, 

[0037] In another aspect the present invention is directed to a method of producing recombinant proteins having 
biological activity by treating a sample comorising double-stranded template polynucleotides encoding a wild-type 
protein under conditions wnich provide for the cleavage o^ said template polynucleotides into random double-stranded 
fragments having a desired size: adding to the resultant population of random fragments one or more single or double- 
stranded oligonucleottoes. wherein said oligonucleotides comprise areas of identity and areas of neterology to the 
template polynucleotide: denaturing the resultant mixture of double-stranded fragments and oligonucleotides into sin- 
gle-stranded fragments: incuoating the resultant population of single-stranded fragments with a polymerase under 
cond:tions which result m the annealing of said single-stranded fragments at tne areas of identity and formation of a 
mutagenized double-stranded polynucleotide: repeating the above steps as desired: and then expressing the recom- 
binant protein from the mutagenized double-stranded polynucleotide. 

[0038] A third aspect of the present invention is directed to a method for obtaining a chimeric polynucleotide by 
UeaLing a sarTipie compnsing diffei enl double-slianded template polynucieoiides wherein said diffeienl lemplaLe Doiy- 
nucleotides contain areas of identity and areas of heterology under conditions which provide for the cleavage of said 
template polynucleotides into random double-stranded fragments of a desired size: denatunng tne resultant random 
double-stranded fragments contained in the treated sample into single-stranded fragments incubating the resultant 
single-stranded fragments with polymerase under conditions which provide for the annea.inc of the single^stranded 
fragments at the areas of identity and the formation of a chimeric doublc-strandod polynucleotide sequence comprising 
template polynucleotide sequences: and repeating the above steps as desired 

[0039] A fourth aspect of the present invention is directed to a method of replicating a temolate polynucleotide by 
combining in vitro s^ng e-stranded template polynucleotides with small random single-stranoed fragnnen:s resulting 
from the cleavage and denatura:)on of the template polynucleotide and incubating said mixture of nucleic acid frag- 
ments ir the presence of a nucleic acid polymerase under conditions wherein a population of double-stranded temolate 
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polynucieotidGS is tormed 

[0040] The invention also provides the use of polynucleotide shuffling in w7ro and/or /n \//i/d to shuffle potynucleotides 
encoding polypeptides and/or polynucleotides comprising transcriptional regulatory sequences. 
[0041] The invention also provides the use of polynucleotide shuffling to shuffle a population of viral genes (e g., 
capsid proteins, spike glycoproteins, polymerases, proteases etc i or viral genomes (e.g . paramyxoviridae, or- 
thomyxovir;dae, herpesviruses retroviruses reoviruses. rhinoviruses. etc.). In an embodiment, the invention provides 
a methodfor shuffling sequences encoding at' or portions of immunogenic viral proteins to generate novel combinations 
of epitopes as well as novel epitopes created by recombination: such shuffled viral proteins may comprise epitopes or 
combinations of epitopes which are likely to arise in the natural environment as a consequence of viral evolution (e. 
g.. such as recombination of influenza virus strains). 

[0042] The invention also provides the use of polynucleotide shuffling to shuffle a population of protein variants, such 
as taxonomically-reiated. structurally-related, and/or functionally-related enzymes and/or mutated variants thereof to 
create and identify advantageous novel polypeptides, such as enzymes having altered properties of catalysis, temper- 
ature profile, stability, oxidation resistance, or other desired feature which can be selected for. Methods suitable for 
molecular evolution and directed molecular evolution are provided Methods to focus selection pressure(s) upon spe- 
cific portions of polynucleotides (such as a segment of a coding region) are provided. 

[0043] The invention also provides a method suitable for shuffling polynucleotide sequences for generating gene 
therapy vectors and replication-defective gene therapy constructs, such as may be used for human gene therapy, 
including but not limited to vaccination vectors for DNA-based vaccination, as well as anti-neoplastic gene therapy and 
other gene Iherapy formats. 

[0044] The invention piovides a method for generating an enhanced green fluorescent protein (GFP) and polynu- 
cleotides encoding same, comprising performing DNA shuffling on a GFP encoding expression vector and selecting 
or screening for variants having an enhanced desired property such as enhanced fluorescence. In a variation, an 
embodiment comprises a step of error-prone or mutagenic amplification, propagation in a mutator strain (e g., a host 
cell having a hypcrmutattonal phcnotypo: mut^, etc., yeast strains such as those described in Klein (1995) Progr. Nucl. 
Acid Res Mol Bioi 51 : 217. incorporated herein by reference), chemical mutagenesis, or site-directed mutagenesis. 
In an embodiment, the enhanced GFP protein comprises a point mutation outside the chromophore region (amino 
acids 64-69). preferably in the region from amino acid 100 to amino acid 173. with specific preferred embodiments at 
residue 100 154 and 164: typically, the mutation is a substitution mutation, such as F100S, M154T or \/l64A In an 
embodiment, the mutation substitutes a hyorophilic residue for a hydrophobic residue In an embodiment, multiple 
mutations are present in the enhanced GFP protein and its encoding polynucleotide. The invention also provides the 
use of such an enhanced GFP protein, such as for a diagnostic reporter for assays and high throughput screening 
assays and the like 

[0045] The invention also provides for improved embodiments for performing in vitro sequence shuffling In one 
aspect, the improved shuffling method includes the addition of at least one additive which enhances the rate or extent 
of reannealing or recombination of related-sequence polynucleotides In an embodiment, the additive is polyethylene 
glycol (PEG), typically added to a shuffling reaction to a final concentration of 0 1 to 25 percent, often to a final con- 
centration of 2.5 to 15 percent, to a final concentration of about 10 percent, in an embodiment, the additive is dextran 
sulfate, typically added to a shuffling reaction to a final concentration of 0.1 to 25 percent, often at about 10 percent. 
In an embodiment, the additive is an agent which reduces sequence specificity of reannealing and promotes promis- 
cuous hybridization and/or recombination in vitro In an alternative embodiment, the additive is an agent which increases 
sequence specificity of reannealing and promotes high fidelity hybridization and/or recombination in vitro. Other long- 
chain polymers which do not interfere with the reaction may also be used (e g., polyvinylpyrrolidone, etc.)_ 
[0046] In one aspect, the improved shuffling method includes the addition of at least one additive which is a cationic 
detergent Examples o1 suitable canonic detergents include but are not limited to: cetyltrimethyiammonium bromide 
(CTAB), dodecyitrimethylammonium bromide (DTAB), and tetramethylammonium chloride (TMAC), and the like. 
[0047] In one aspect, the improved shuffling method includes the addition of at least one additive which is a recombi- 
nogenic ptolein that catalyzes oi non-calalytically enhances homologous pairing and/or strand exchange in viLro Ex- 
amples of suitable i ecombir^ogenic pioteins include but are not limited to. E. co// rec A protein, the T4 uvsX protein, the 
reel protein from Ustifago maydis. other recA family recombinases from other species, single strand binding protein 
(SSB). nbonucleoprotem A1 . and the like Shuffling can be used to improve one or more properties of a recombtnogenic 
protein- for example, mutant sequences encoding recA can be shuffled and improved heat-stable variants selected by 
recursive sequence rccom.bination 

[0048] Non-specific (general reccmbtnation) recombinases such as Topoisomerase I Topotsome^-ase II (Tse et a!. 
(1930) J Biol Chem 255: 5560 Trask et al. (1 9S4) EMBO J. 3: 671 , incorporated herein by reference) and the like 
can be used to catalyze in vitro recombination reactions to shuffle a plurality of related sequence polynucelotide species 
by the recursive methods of the invention 

[0049] In one aspect, the improved shuffling method includes the addition of at least one additive which is an enzyme 
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having an exonuclesse activity which is active at removing non-tempiated nucleotides tniroduced at 3' ends of product 
polynuC:eoiides in shuffling amplification reactions cataly7ed by a ron-proof reading polymerase An example of a sul- 
able enzyrre having an exonuciease activity includes but is not itmitec to Ptu polymerase Other suitable polymerases 
include bu: are not limited to Thermus flavus CNA polymerase (Tfl) 

Tnermus tne^mophilus DNA polymerase (Tth) 

Thermoccccus litoralis DNA polymerase (Tlr Vent) 

Pyroccccus Woesei DNA polymerase (Pwo) 

Thermotoga mantima DNA polymerase (UttMa) 
TO Thermus brockianus DNA polymerase (Thermozyme) 

Pyrococcus funosus DNA polymerase (Pfu) 

Thermococcus sp DNA polymerase (9°Nm) 

Pyrococcus sp. DNA polymerase ('Deep Vent') 

Bacteriophage T4 DNA polymerase 
'5 Bacteriophage T7 DNA polymerase 

E coll DNA polymerase I (native and Klenow) 

E coll DNA polynnerase III 

[0050] tn an aspect, the improved shuffling method comprises the modification wherein at least one cycle of ampli- 
20 ficalion {i e extension wilh a polymerase) of reannealed fragmented library member poiynucleolides is conducted 
uf~ider conoitions which pioduce a substantial fraction, typically at least 20 percent ot more, of incompletely extended 
amplification produc:s. The amplification products, including the incompletely extended amplification products are de- 
natured and subjected to at least one additional cycle of reannealtng and amplification This variation, wherein at least 
one cycle o\ reannesling and amplification provides a substantial fraction of incompletely extended products is teamed 
25 "stuttering" and in the subsequent amplification round the incompletely extended products rcanncal to and pnmo ex- 
tension on different sequence-related template species. 

[0051] in an aspect the improved shuffling method comprises the modification wherein at least one cycle of ampli- 
fication IS conducted using a collection of overlapping single-stranded DNA fragments of varying lengtns corresponding 
to a first polynucleotide species or set of related-sequence polynucleotide species, wherein each overlapping fragment 

30 can each hybridize to and prime polynucleotide chain extension from a second polynucleotiae species serving as a 
template, thus forming sequence-recombined polynucleotides, wherein said sequence-recombined polynucleotides 
comprise a portion of at least one first polynucleotide species with an adjacent portion of the second polynucleotide 
species which serves as a template In a variation, the second polynucleotide species serving as a template contains 
uracil (i e . a Kunkel-type template) and is substantially non-replicable in cells This aspect ot the invention can also 

35 comprise at least two recursive cycles of this variation 

[0052] In an embodiment, PCR can be conducted wherein the nucleotide mix comprises a nucleotide species having 
uracil as the base. The PCR product(s) can then be fragmented by aigestion with UDG-glycosylase which produces 
strand breaks. The fragment size can be controlled by the fraction of uracil-containing NTP in the PCR mix 
[0053] In an asDect. the improvec shuffling method comprises the modification wherein at least one cycle of ampli- 

■^0 fication is conducted with an additive or polymerase in suitable conditions which promote temp-ate switching. In an 
embodiment where Taq polymerase is employed for amplification, addition of recA or other polymerases (e g . viral 
polymerases reverse transcriptase) enhances template switching. Template-switching can also be increased by in- 
creasing the DNA template concentration among other means known by those skilled in the art. 
[0054] In an embodiment ol the general method, libraries of sequence-recombined polynucleotides are generated 

■^5 from sequence-related polynucleotides which are naiurally-occurring genes or alleles ot a gene In th:s aspect, at least 
two naturaliy-occurnng genes and/or alleles which comprise regions of at least 50 consecutive nucleotides which have 
at least 70 percent sequence identity preferably at least 90 percent sequence loentity. are selected from a pool ot gene 
sequences such as by hybrid selection or via computerized seouence andlysis us.ng sequence daLa fiom a dalcibase. 
In an asQec: at least th^ee natuially-occuri ing genes and.''or alleles which compiise legions of at least 50 consecutive 

5D nucleotides which have at least 70 percent sequence identity, orefereably at least 90 percent sequence identity, are 
selected from a pool of gene sequences, such as by hybrid selection or via computerized sequence analysis using 
sequence data from a database The selected sequences are obtained as polynucieoudes either by cloning or via 
DNA synthesis, and shuffled by any of the various embodiments of the invention 

[0055] in an embodiment of the invention, multi-pool shuffling is Dsriormed Shuffling of multiple pools of polynucle- 
55 otide sequences allows each separate pool to generate a different combinatorial soiuiton to proouce the desired proc- 
erty In this variation the poo^ of parental po ynucleotides sequences (o^ any subsequent shuffled library or selected 
pool of library members) is subdivided (or segregated) into two or more discrete pools of seqLJences and are separately 
subjected to one or more rounds of 'ecursive sequence recombination and selection {or screening) If desired option- 
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ally, selected library members from each separate pool may be recombined (integrated) in latter rounds ot shuffling 
Alternatively multiple separate parental pools may be used Inbreeding, wherein selected (or screened) library mem- 
bers within a pool are crossed with each other by the recursive sequence recombination methods of the invention, can 
be performed alone or in combination with outbreeding, wherein library members ot different pools are crossed with 
5 each other by the recursive sequence recombination methods of the invention 

[0056] In an embodiment of the invention the method comprises the further step ot removing non-shuffled products 
(e g., parental sequences) from sequence-recombined polynucleotides produced by any of the disclosed shuffling 
methods Non-shuffled products can be removed or avoided by performing amplification with: (1) a first PGR primer 
which hybridizes to a first parental polynucleotide species but does not substantially hybridize to a second parental 
10 polynucleoiide species, and (2) a second PGR primer which hybridizes to a second parental polynucleotide species 
but does not substantially hybridize to the first parental polynucleotide species, such that amplification occurs from 
templates comprising the portion of the first parental sequence which hybridizes to the first PGR pnmer and also com- 
pnsing the portion ot the second parental sequence which hybridizes to the second PGR primer thus only sequence- 
recombined polynucleotides are amplified 
15 [0057] The invention also provides for alternative embodiments for performing jn vivo sequence shuffling. In one 
aspect, the alternative shuffling method includes the use ot inter-plasmtdic recombination, wherein libraries of se- 
quence-recombined polynucleotide sequences are obtained by genetic recombination \n vivo o1 compatible or non- 
compattbie multicopy plasmids tnside suitable host cells. When non-compatible plasmids are used, typically each plas- 
mid type has a distinct selectable marker and selction tor retention of each desired plasmid type is applied. The related- 
20 sequence polynucleotide sequences lo be recombined are separately incorporated into separately repiicable multicopy 
vectors, typically bacterial plasmids each having a distinct and separately selectable marker gene (e.g., a drug resist- 
ance gene). Suitable host cells are transformed with both species of plasmid and cells expressing both selectable 
marker genes are selected and sequence-recombined sequences are recovered and can be subjected to additional 
rounds of shuffling by any of the means described herein. 
25 [0058] In one aspect the alternative shuffling method includes the use of intra-plasmidtc recombination, whcrctn 
libraries of sequence-recombined polynucleotide sequences are obtained by genetic recombination in vivo of direct or 
inverted sequence repeats located on the same plasmid In a variation, the sequences to be recombined are flanked 
by site-specific recombination sequences and the polynucleotides are present in a site-specific recombination system, 
such as an integron (Hall and Collins (1995) Mol Microbiol 15: 593, incorporated herein by reference) and can include 
30 insertion sequences, transposons (e g , IS1 ), and the like, tntrons have a low rate of natural mobility and can be used 
as mobile genetic elements both in prokaryotes and eukaryotes Shuffling can be used to improve the performance of 
mobile genetic elements. These high frequency recombination vehicles can be used lor the rapid optimization of large 
sequences via transfer of large sequence blocks. Recombination between repeated, interspersed, and diverged DNA 
sequences also called "homeologous" sequences, is typically suppressed in normal cells. However, in MutL and MutS 
35 cells, this suppression is relieved and the rate of tntrachromosomal recombination is increased (Petit et al (1996) 
Genetics 129: 327, incorporated herein by reference). 

[0059] In an aspect of the invention, mutator strains of host cells are used to enhance recombination of more highly 
mismatched sequence-related polynucleotides. Bacterials strains such as MutL, MutS, MutT, or MutH or other cells 
expressing the Mut proteins (XL-ired: Stratagene San Diego, CA) can be used as host cells for shuffling of sequence- 

40 related polynucleotides by in vivo recombination Other mutation-prone host cell types can also be used, such as those 
having a proofreading-defective polymerase (Foster et al. (1995) Proc. Natl. Acad. Sci. (U.S.A.) 92: 7951 , incorporated 
herein by reference) Mutator strains of yeast can be used, as can hypermutational mammalian cells, including ataxia 
telangiectasia cells, such as described in Luc et al. (1996) J. Biol Chem. 271 : 4497, incorporated herein by reference. 
[0060] Other in vivo and in vitro mutagenic formats can be employed, including administering chemical or radiological 

-f5 mutagens to host cells Examples of such mutagens include but are not limited to: MNU, ENU, MNNG, nitrosourea. 
BuDR. and the fike. Ultraviolet light can also be used to generate mutations and/or to enhance the rate of recombination, 
such as by irradiation of cells used to enhance in vivo recombina:ion. Ionizing radiation and clastogenic agents can 
also be used lo efifiance mutational frequency and/oi to enhance recombination and/oi to ellect polynucleotide Irag- 
mentation 

50 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0061] Figure 1 is a schematic diagram comparing mutagenic shuffling over crror-pronc PGR: (a) the initial library: 
(b) pool of selected seauences in first round of affinity selection: (d) in vitro recombination of the selected sequences 
55 ('shutfiing') : (f) poo! of selected sequences in second round of affinity selection after shuffling; (c) error-prone PGR: 
(e) pool of selected sequences in second round of affinity selection after error-prone PGR. 

[0062] Figure 2 illustrates the reassembly of a 1 0 kb LacZ alpha gene fragment from 10-50 hp random fragments 
(a) Photograph o^' a gel of PGR amplified DNA fragment having the LacZ alpha gene (b) Photograph of a gel of DNA 
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fragments after digestion with DNAsei (c) Photograph of a gel of DN A fragments o-' lG-50 bp purified 'rom the digested 
Lac2 aipha gene DNA fragment (d) Pnotograph of a gel of the TO-50 bo DNA fragments after the indicated numnar 
of cycles o'' DNA reassenrDly. (e) Photograph of a gel o' the recombination mixture atier an-pHfication oy PGR wstn 
primers 

[0063] Figure 3 is a scnematic illustration of the LacZ alpha gene stop codon mutants and their DNA sequences 
Tne Doxed regtons are heterologous areas, serving as markers. The stop codons are located in smaller coxes cr 
underlined " + " indicates a witd-type gene and indicates a mutated area in tne gene. 

[0064] Figure 4 is a schematic illustration of the introduction or spiking of a synthetic oligonucleotide into the reas- 
sembly process of the LacZ alpha gene 

[0065] Figure 5 illustrates the regions of homology between a murine gene (M) and a human f^l-B cene [H) 

wrth E coll codon usage Regions of heterology are boxed. The " t " indicate crossovers obtained upon the shuffling 
of the two genes. 

[0066] Figure 6 is a schematic diagram of the antibody CDR shuffling model system using the scFv of arti-rabbit 
IgG antioody (A10B). 

[0067] Figure 7 (panels A-D) illustrates the observed frequency of occurrence of certain combinations of CDRs in 
the shuffled DNA ot the scFv Panel (A) shows the length and mutagenesis rate of all six synthetic CDRs. Panel (B) 
shov\s library construction by shuffling scFv with all six CDRs. Panel (C) shows CDR insertion determined by PCR 
with primers tor native CDRs. Panel (D) snows insertion rates and distributions of synthetic CDR insertions 
[0068] Figure 5 illustrates the improved avidity of the scFv anti-rabbit antibody after DNA snuffling and each cycle 
of seleciion 

[0069] Figuie 9 scnernatically portiays pBR322-Sfi-BL-LA-Sfi and in vivo intraplasrTiidtc i ecotnbination via diiect re- 
peats, as well as the rate of generation of ampicillin-resistant colonies by mtraplasmidic recombination reconstituting 
a functional beta-lactamase gene. 

[0070] Figure 10 schematically portrays pBR322-Sfi-2BIa-Sfi and m vivo intraplasmidic recombination via direct re- 
peats as well as the rale of generation of ampiciliin-rcsistant colonics by intraplasmidic recombination reconstituting 
a functional beta-laclamase gene, 

[0071] Figure 11 niustrales the method for testing the efficiency of multiple rounos of homologous ^ecomoination 
after the introduction of polynucleotide fragments into cells for the generation of recombinant proteins 
[0072] Figure 12 schematically portrays generation of a library of vectors by shuffling cassettes at the fol owing ioci 
promoter, leader peptide, terminator selectable drug resistance gene, and origin of replication The multiole parallel 
lines at each locus represent the multiplicity of cassettes for that cassette. 

[0073] Figure 1 3 schematically shows some examples of cassettes suitable at various ioci for constructing orokaryotic 
vector libraries by shuffling. 

[0074] Figure 14 shows the prokaryottc GFP expression vector PBAD-GFP (5.371 bp) was derived from pBADIS 
(Guzman et al (1995) J Bactenol . 177 : 4121), The eukaryotic GFP expression vector Aipha-^GFP (7.591 bp) was 
derived from the vector Alpha-*- (Whitehorn et al, (1995) Bio/Technology 1 3 : 1215), 

[0075] Figure 15A and 15B show comparison of the fluorescence of different G^P constructs in whole E. co// ceils 
Compared are the 'Clontech' construct whicn contains a 24 amino aod N-terminal extension, the Affymax wildtype 
construct ('wt', with improved codon usage), and the mutants obtained after 2 and after 3 cycles of sexual PCR and 
selection ('cycle 2'. cycle 3'), The 'Clontech' construct v;as induced with IPTG. whereas the other constructs were 
induced with arabinose All samples were assayed at equal OD^qq Figure 1 5A shows fluorescence spectra indicating 
that the whole cell fluorescence signal from the 'wt' construct is 2.8-fold greater than from the 'Clontech' construct The 
signal of the 'cycle 3' mutant is ^ 6-fold increased over the Affymax 'wt'. and 45-fold over the 'Clontech' vr construct 
Figure 15B is a companson of excitation spectra ot GFP constructs in E, coh The peak excitation wavelengths are 
unaltered by the mutations that were selected 

[0076] Figure 16 shows SDS-PAGE analysts of relative GFP protein expression levels Pane! (a): 12°o Tris-Glycine 
SDS-PAGE analysis (Novex, Encinitas, CA) of equal amounts (OD600) Of v^/hole E. colt eels expressing the vyildtype 
Ihs cvcie 2 muLanl oi the cycle 3 mulanl of GFP. Sldined with Coomassie Blue, GFP {27 kC) lepiesents atioul 75°o of 
total DFOteiii. and tl'ie selection did not inciease tlie expiession level Panel (b) l2°o Tus-Glycine SDS-PAGE arialysis 
(Novex Encinitas, CA) of equal amounts fOD600) of E co// fractions Lane 1 : Pellet of lysed cers exoressing wt GFP, 
lane 2 Supernatant of lysed ceits expressing wt GFP. Most of the wt GFP is in inclusion bodies; lane G Pellet of lysed 
cells expressing cycle 3 mutant GFP lane 4 Supernatant of lysed cells exoressmg cycle 3 mutant GFP Most of the 
w1 G-Pis soiuolc The GFP that ends up in inclusion bodice docs not contain the chromophorc since there is no 
detectabie-'*'luore£cence in this fraction 

[0077] Ftqur'3 17 shows mutation analysis of the cycle 2 and eye e 3 mutants versus wildtype GFP Pane (A) shows 
that the mutations are spread out rather than clustered near the tripeptide chromophore Mutations FIOCS. M^54T 
and VI 64A involve the replacement of hydrophobic ^es dues with more hydrophilic residues The increased nyarophilic- 
ity may help guide the protein into a native folding pathway ratner than toward aggregation and inclusion body formation 
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Panel (B) shows a restriction map indicating the chromophore region and positions of introduced mutations, 
[0078] Figure 1 8A and 1 8B show comparison of CHO cells expressing different GFP proteins Figure 1 8A is a FACS 
analysis of clones of CHO cells expressing different GFP nnutanls. Figure 16B B shows fluorescence spectroscopy of 
clones of CHO cells expressing different GFP mutants. 
5 [0079] Figure 19 shows enhancement of resistance to arsenate toxicity as a result of shuffling the pGJl03 plasmid 
containing the arsenate detoxification pathway operon. 

[0080] Figure 20 schematically shows the generation of combinatorial libratres using synthetic or naturally-occurring 
tntron sequences as the basis for recombintng a plurality of exons species which can lack sequence identity (as ex- 
emplified by random sequence exons), wherein homologous and/or site-specific recombination occurs between intron 

^0 sequences of distinct library members. 

[0081] Figure 21 schematically shov^/s variations of the method for shuffling exons. The numbers refer to reading 
frames, as demonstrated in panel (A), Panel (B) shows the various classes of intron and exon relative to their individual 
splice frames. Panel (C) provides an example of a naturally-occurring gene (immunoglobulin V genes) suitable for 
shuffling. Panels D through F shows how multiple exons can be concatemerized via PCR using primers which span 

15 intron segments, so that proper splicing frames are retained, if desired. Panel (G) exemplifies the exon shuffling process 
(IG immunoglobulin exon; tFN: interferon exon) 

[0082] Figure 22 schematically shows an exon splicing frame diagram tor several human genes, showing that pre- 
ferred units for shuffling exons begin and end in the same splicing frame, such that a splicing module (or shuffling 
exon) can comprise multiple naturally-occurring exons but typically has the same splicing frame at each end. 
20 [0083] Figure 23 schematically shows how partial PCR extension (slullering) can be used to provide recursive se- 
quence recombination (shuffling) resulting in a libiary of chimeras representing multiple crossovers, 
[0084] Figure 24 shows how stuttering can be used to shuffle a wild-type sequence with a multiply mutated sequence 
to generate an optimal set of mutations via shuffling. 

[0085] Figure 25 schematically shows plasmid-plasmid recombination by electroporation of a cell population repre- 
25 scnting multiple plasmid species, present initially as a single plasmid species per cell prior to electroporation and 

multiple plasmid species per cell suitable for in vivo recombination subsequent to electroporation of the cell population. 

[0086] Figure 26 shows plasmid-plasmid recombination. 

[0087] Figure 27 shows plasmid-virus recombination. 

[0088] Figure 28 shows virus-virus recombination 
30 [0089] Figure 29 shows plasmid-chromosome recombination. 

[0090] Figure 30 shows conjugation-mediated recombination. 

[0091] Figure 31 shows Ab-phage recovery rate versus selection cycle. Shuffling was applied after selection rounds 
two to eiQht. Total increase is 440~fold. 

[0092] Figure 32 shows binding specificity after ten selection rounds, including two rounds of backcrossing. ELISA 
35 signal of different Ab-phage clones for eight human protein targets. 

[0093] Figure 33 shows Ab-phage recovery versus mutagenesis method. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

40 [0094] The present invention relates to a method for nucleic acid molecule reassembly after random fragmentation 
and its application to mutagenesis of DNA sequences. Also described is a method for the production of nucleic acid 
fragments encoding mutant proteins having enhanced biological activity. In particular, the present invention also relates 
to a method of repeated cycles of mutagenesis, nucleic acid shuffling and selection which allow for the creation of 
mutant proteins having enhanced biological activity. 

45 [0O95] The present invention is directed to a method for generating a very large library ot DNA, RNA or protein 
mutants; in embodiments where a metabolic enzyme or multicomponent pathway is subjected to shuffling, a library 
can compose the resultant metabolites in addition to a library of the shuffled en2yme(s). This method has particular 
advantages m the generation of related DNA fragments from which Ihe desired nucleic acid [rcigmenl(s) may be se- 
lected. In particular the present invention also relates to a method of repeated cycles of mutagenesis, homologous 

50 recombination and selection which allow for the creation of mutant proteins having enhanced biological activity 
[0096] However, prior to discussing this invention in further detail, the following terms will first be defined. 

Definitions 

55 [0097] As used herein, the following terms have the following meanings: 

[0098] The term "DNA reassembly" is used when recombination occurs between identical sequences. 
[0099] By contrast, the ternn "DNA shuffling" is used herein to indicate recombination between substantially homol- 
ogous but non-identical sequences, in some embodiments DNA shuffling may involve crossover via nonhomologous 
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recombination such as via cre/lox anc-or flp-'frt systems ano the 1 ke SLch that recombination neec not require suo- 
stantially homDiogous poiypLJcieoiiae sequences Homologous anc nor-homoiogous reccnntination formats can be 
used and. in some emboaiments can generate molecular cnimeras and/o^ molecu^ar nyDnas of substantially dissimilar 
sequences 

[0100] The terr^ "amplificat on' means tnai the njmoe^ of copies of a nucieic acid fragment is increasec. 
[0101] The term 'laentical" or 'laentity" means tnat two nu::le;c acio sequences have tne same sequence or a com- 
plementary sequence Thus "areas of identity" means :ha: regions or areas of a nucleic acid fragment or polynucleotide 
are identical or complementary to another polynucleotide or nucleic acid fragmen: 

[0102] The term "corresDonds to' is used herein tc mean that a colynucieotide sequence is homologous (i e is 
identica.. not strictly evolut onanly related) tc alt or a portion of a reference polynucleotide sequence, or tnat a polypeo- 
tide sequence is identical to a reference oolypeptide sequence In contradistinction, the term "complementary to" is 
used herein to mean that the complementary sequence is homologous to all or a portion of a reference polynucleotide 
sequence Fo' illustration the nucleotide sequence "TATAC" corresponds to a reference sequence "TATAC and is 
complementary to a reference sequence 'GTATA" 

[0103] The following terms are used to descrioe the sequence relaiionsh ps beiv^een two or more polynucleotides: 
"reference sequence" 'comparison window" "sequence identity" 'percentage of sequence identity", and "substantial 
Identity" A "reference sequence" is a aefined sequence used as a basis for a sequence comparison: a reference 
sequence may be a subset o1 a larger sequence, for example, as a segment of a full-length cDN.A or gene sequence 
giver in a sequence listing, such as a polynucleotide sequence ot Fig 1 or Fig 2(b). or may comprise a complete 
cDNA o^ gene sequence 3enerally a reference sequence :s at leasi 20 nucleotides in length frequently at least 25 
nucleotides in length and often at least 50 nucleotides iri length Since two polynucleotides may each d) cornpiise a 
sequence (i e a portion of the complete polynucleotide sequence) that is similar between the two polynucleotides, 
and (2) may further comprise a sequence that is divergent between the two polynucleoiides. sequence comparisons 
between two (or more) polynucleotides a^e typicaliy performed by comparing sequences of the two polynucleotides 
over a "comparison window" to identify and compare local regions of sequence similarity 

[0104] A "comparison window" as used herein refers to a conceptual segment of at least 20 contiguous nucleotide 
posit ons wherein a po^nucleotide sequence may be compared to a reference sequence of at least 20 contiguous 
nucleotides and wherein the portion of the polynucleotide sequence in the comparison window may comprise additions 
or deletions {i e gaps) of 23 percent or ess as compared to the reference sequence {which does not comprise additions 
or deletions) for optimal alignment of the two sequences Optimal alignment of sequences for aligning a comparison 
window may be conducted by the local homology algorithm of Smith and Waterman (1 981 ) Adv Appl Math 2: 482, 
by the homology alignment algorithm of Needieman and Wunsch (1 970 1 J Mol Bio! 48: 443 by the search for similarity 
method of Pearson and Lipman ;1 9S3) Proc Natl Acad Sc (U S A ) 85 2444. by computerized implementations of 
these algorithms (GAR BESTFIT FASTA. and TFASTA in the Wisconsin Genetics Software Packape Release 7 0. 
Genetics Computer Group. 575 Science Dr, Madison Wl). or by inspection, and the best alignment (i e., resulting in 
the highest percentage of homology over the comparison window) generated by the various methods is selected 
[0105] The term "sequence identity" means that two polynucleotide sequences are identical (i e., on a nucleotide- 
by-nucleotide basis) over the window of comparison The term "percentage of sequence identity" is calculated by 
comparing two optimally aligned sequences over tne window of comoarison. determining :he number of positions at 
which the identical nucleic acid base (e g A T. C, G. U. or I) occurs in ooth sequences to yield the number of matched 
positions, dividing the number of matcned positions by the total number of positions in the window of corriparison {i, 
e . the window size) and multiplying the result oy 100 tc yield the percentage of sequence identity The terms 'sub- 
stantial identity" as used herein denotes a characteristic of a ool/nucleotide sequence wherein the polynucleotide 
comprises a sequence that has at leasi 50 percent sequence identity, preferably at least 55 percent identity and often 
90 to 95 percent sequence identity more usually at least 99 percent sequence identity as compared to a reference 
sequence over a comparison window of at least 20 nucleotide positions, frequently over a window of at least 25-50 
nucleotides wherein the percentage of sequence dentity is calculated by comparing the reference sequence to the 
polyr^uceotide sequence which rricjy include deletions Of additions wf^ich total 20 percent oi less of the reference 
sequence over the v/indow of compaiison 

[0106] Conservative am no ac d substituticns refer to the interchangeability of residues having similar side chains 
For example a group of ammo acids hav ng aliohatic sioe chains is giycine alanine valine, leucine and isoleucine 
a grcup of amino acids having aliphatic-hydroxyl s de chains ie serine and threonine a group of amino acids having 
amidc-containing side ch^::ins is ascaraginc and giulaminc a group of amine acids having aromatic side chains is 
phonyla anme tyrosine and trypiopna- a group o* amine acids naving oasic side chains is lysine, arginme and his- 
tidine and a g^oup of amino acids having sulfur-containing side chains is cysteine and methionine Preferred conserv- 
ative amine acids substitution groups are vaiine-leucine-iscicucine phenylalanine-tyrosine lysine-arg nine alanine- 
valine and asoaragine-glutanine 

[0107] The term "homologous" or "nDmeologous" means that one single-stranded nucleic acid sequence may hy- 
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bndize to a complementary single-stranded nucleic acid sequence The degree of hybridization may depend on a 
number of factors including the amount of identity between the sequences and the hybridization conditions such as 
temperature and salt concentration as discussed later Preferably the region of identity is greater than about 5 bp, more 
preferably the region of identity is greater than 10 bp 
5 [0108] The term "heterologous" means that one single-stranded nucleic acid sequence is unabie to hybridize to 
another single-stranded nucleic acid sequence or its complement. Thus areas of heterology means that nucleic acid 
fragments or polynucleotides have areas or regions in the sequence which are unable to hybridize to another nucleic 
acid or polynucleotide. Such regions or areas are. for example, areas of mutations 

[0109] The term "cognate" as used herein refers to a gene sequence that is evolutionanly and functionally related 
TO between species. For example but not limitation, in the human genome, the numan CD4 gene is the cognate gene to 
the mouse CD4 gene, since the sequences and structures of these two genes indicate that they are highly homologous 
and both genes encode a protein which functions in signaling T cell activation through MHC class ll-restricled antigen 
recognition. 

[0110] The term "wild-type" means that the nucleic acid fragment does not comprise any mutations A "wiid-type" 
^5 protein means that the protein will be active at a level of activity found in nature and typically will comprise the amino 
acid sequence found tn nature. In an aspect, the term "wild type" or "parental sequence" can indicate a starting or 
reference sequence prior to a manipulation of the invention. 

[0111] The term "related polynucleotides" means that regions or areas of the polynucleotides are identical and regions 
or areas of the polynucleotides are heterologous 
20 [0112] The lerm "chimeric polynucleolide" means that Ihe polynucleotide comprises regions which are wild-lype and 
regions which are mutated. It may also mean that the polynucleotide compi tses wild-type regions from one polynucle- 
otide and wild-type regions from another related polynucleotide 

[0113] The term "cleaving" means digesting the polynucleotide with enzymes or oreaking the polynucleotide or gen- 
erating parlial length copies of a parent sequence(s) via partial PGR extension. PGR stuttering, differential fragment 
2S amplification, or other moans of producing partial length copies of one or more parental sequences. 

[0114] The term "population" as used herein means a collection of components such as polynucleotides, nucleic 
acid fragments or proteins. A "mixed population" means a collection of components which beiong to the same family 
ot nucleic actds or proteins (i.e. are related) but which differ in their sequence (i.e are not identical) and hence in their 
biological activity 

30 [0115] The term "specific nucleic acid fragment" means a nucleic acid fragment having certain end points and having 
a certain nucleic acid sequence. Two nucleic acid fragments wherein one nucleic acid fragment has the identical se- 
quence as a portion of the second nucleic acid fragment but different ends comprise two different specific nucleic acid 
frctyn lei lib. 

[0116] The term "mutations" means changes in the sequence of a wild-type nucleic acid sequence or changes in the 
3S sequence of a peptide. Such mutations may be point mutations such as transitions or transversions. The mutations 
may be deletions, insertions or duplications. 

[0117] In the polypeptide notation used herein, the lefthand direction is the aminoterminal direction and the righthand 
direction is the carboxy-terminal direction, in accordance with standard usage and convention. Similarly, unless spec- 
ified otherwise, the lefthand end of single-stranded polynucleotide sequences is the 5' end: the lefthand direction of 

-^0 double-stranded polynucleotide sequences is referred to as the 5' direction. The direction of 5' to 3' addition of nascent 
RNA transcripts is referred to as the transcription direction: sequence regions on the DNA strand having the same 
sequence as the RNA and which are 5' to the 5' end of the RNA transcript are referred to as "upstream sequences": 
sequence regions on the DNA strand having the same sequence as the RNA and which are 3' to the 3' end of the 
coding RNA transcript are referred to as "downstream sequences' . 

-^5 [0118] The term "naturally-occurring" as used herein as applied to an object refers to the tact that an object can be 
found in nature. For example, a polypeptide or polynucleotide sequence that is present in an organism (including 
viruses) that can be isolated from a source in nature and which has not been intentionally modified by man tn the 
laboratory is ndlurally-occurnng. Generally, the Lerm naLurally-occjrt tng refers loan object as present m a non-path- 
ological (undiseased) individual, such as would be typical for thie species. 

^0 [01 19] The term "agent" is used herein to denote a chemical compound, a mixture of chemical compounds, an array 
of spatially localized compounds (e g,, a VLSIPS peptide array, polynucleotide array, and/or combinatorial small mol- 
ecule array): a biological macromolecule. a bacteriophage peptide display library, a bacteriophage antibody (e.g. , scFv) 
display library a polysome peptide display library', or an extract mace from biological materials such as bacteria, plants, 
fungi, or animal (particularly mammalian) cells or tissues. Agents are evaluated for potential activity as antineoolastics. 

55 anti-inflammatories, orapoptcsis modulators by inclusion in screening assays described nereinbelow. Agents are eval- 
uated for potential activity as specific protein interaction inhibitors fi.e . an agent which selectively inhibits a binding 
interaction between two predetermined polypeptides but which does not substantially interfere with cell viability) by 
inclusion in screening assays descnbed hereinbelow 
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[0120] As used herein "substaniialiy pure" mears an object species ts the predominant species present (i.e on a 
moia^ basts it is nnore aounaant tnan any othe- individua' nnacronnoiecuisr species in the connposition ) anc preferably 
a subsiantialiy purified fraciion is a comDcsitton wherein the ob eel species comDnses at least about 50 percent 'on a 
moia^ basis'; of all rracronnolecLJiar soecies oresent Generally a substantially ou^e connpositior wili comprise mce 

s than about 50 to 90 percent of all nnacromciecular species present in :he composition Most preleraDly the object 
spec es IS our fied tc essential homogeneity xcntaminant species cannot be cetected in the composition oy conven- 
tional detection methocs; wherein the composition consists essentially of a single macronoiecLlar species Solvent 
species small molecules (<500 Daltonsj and elemental ion species are not considerea macromolecular species 
[0121] As used herein tne :erm "physiclocical conditions" refers tc tennperature pH, ionic strength viscosity, and 

TO like biochemical parameters v^hich are compatible with a viable organism, and/or which typically exist intracellularly in 
a viaole cultured yeast cell or mammalian cell For example, the intracellu:ar conditions in a yeast cell grown under 
typical laboratory culture conditions are pnysiologicat conditions Suitable in vitro reaction conditions for in vitro tran- 
scnptior cocktails are generally physiologica conditions In general in vitro physiological conditions comprise 5G-200 
mM NaCi or KCl, ph 6 5-6,5. 20-45^C and 0.001-10 mM divalent cation (e g.. Mg^*. Ca^"). preferably about 150 mM 

15 NaCI or KCl. pH 7 2-7 5. 5 mM divalent cation, and often include 0 OM 0 percent nonspecific protein (e g , BSA). 
Anor-iontc detergent (Tween. NP-40 Triton X-100) can often be present, usually at about 0.001 to 2%. lypcally 
0 05-0.2^^0 (v/v). Particular aqueous conditions may be selected by the practitioner according to conventional methods. 
For general guidance, the iollowing buffered aqueous conditions may be applicable: 10-250 r^M NaCI, 5-50 mM Tris 
HCl pH 5-S with optional addition ot divalent cation(s) and/or metal chelators and/or nonionic detergents and/or mem- 

^0 brane fractions and/or anliioam agents and/or sciniillanls 

[0122] Specific hybi idization is defined hei em as the foimation of nybiids between a fust poiynuc.eotide and a second 
polynucleotide (e g , a polynucleotioe having a distinct but substantially identical sequence to the first polynucleotide), 
wherein the fi^st polynucleotide preferentially hybridizes to the second polynucleotide under stringen: hybridization 
cond tions where, n substantially unrelated polynucleotide sequences do not form hybrids in the mixture 

25 [0123] As used heron, tnc term "singlc-chain antibody" refers to a polypeptide comprising a domain and a V[_ 
domain in polypeptide linkage generally linked via a spacer peptide (e g [Gly-G ly-Gly-Gly-Ser]^). and which may 
comprise additional ammo acid sequences at the ammo- and/or carboxy- termini For example, a single-chain antibody 
may comprise a tether segment for linking to the encoding polynucleotide As an example, a scFv is a single-chain 
antibody Single-chain antioodies are generally proteins consisting of one or more polypeptide segments of at least 10 

30 contiguous ammo acids substantially encoded by genes of the immunoglobulin superfamily {e g , see The Imunoqlob- 
ulin Gene Superfamily, A F Williams and A.N Barclay, in Immunoglobulin Genes, T Honjo, F. W Alt. and T, H, Rabbttts, 
eds.. (1989) Academic Press. San Diego CA pp 361-357. which is incorporated herein by reference'), most frequently 
encoded by a rodent, non-human primate, avian, porcine, bovine, ovine, goa:, or human heavy chain or lignt chain 
gene sequence Afunctional single-chain antibody generally contains a sufficient portion of an immunoglobulin super- 

35 family gene product so as lo retain the property ot binding to a specific target molecule, typically a receptor or antigen 
(epitope) 

[0124] As used herein the term "complementarity-determining region" and "CDR" refer to the art-recognized term 
as exemplified by the Kabat and Chothia CD=^ definitions also generally known as hypervanable regions or hypervar- 
lable loops (Chothia and Lesk (1987) ^ Mol Biol. 196 : 901 : Chothia et al. (1989) Nature 342: 577: E A Kabat et al,, 
40 Sequences of Proteins of Immunological Interest (National Institutes ot Healtn, Bethesda. MD) (1957): and Tramontano 
et al (1990) J Mol Biol 215 : 175) Variable region domains typically comprise the amino-terminal approximately 
105-115 ammo acids o^ a naturally-occurring immunoglobulin chain (e g , ammo acids 1-110), although variable do- 
mains somewhat shorter or longer are also suitable for forming single-chain antibodies 

[0125] An immuncglobulin light or heavy chain variable region consists ot a "framework" region interrupted oy three 
-5 hypervanable regions also called CDR's The extent of the framework region and CDR's have been precisely defined 
(see, "Sequences of Proteins of Immunological Interest " E Kabat etai . 4th Ed. , U S Department of Health and Human 
Services Bethesda. MD {1 967)) The sequencesof theframework regions ot different ligh* or heavy chains are relatively 
conserved within a species As used nerein a 'riuma'i Iramework region" is a fiarnework region thai is subslar^iaHy 
idenlica (aoout 55°c or more usually 90-95"d oi mote) tc the framework region of a naturally occurnrig human immu- 
50 noglobulin The framework region of an antibody that is the coiTibmed framework regions of the constituent hgh: and 
heavy chains se-ves to position and align the CDR's The CDR's are primarily responsible for binding to an epitope 
of an antigen 

[0126] As used hcroir \-c term "variable segment" refers to a porlion oi a nascent peptide which comprises a random, 
pseuciorsndom o^ defineo kerna sequence A variable segment can compnsG both variant and invariant residue po- 
55 sittors. and the degree of resioue variation at a variant residue position m.ay be limiied both options are selected al 
the disc^Gticn of the oraclitioner "typically vanaole segments are abcut 5 to 20 ammo acid residues m length (e g 5 
to 10) alThoLjgh variaol? segments may be longer and may comprise antibody portions or receptor proteins such as 
an antibody fragmeri a nucleic acid binding protein a receptor protein and the like 
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[0127] As used herein, 'random peptide sequence' refers to an ammo acid sequence composed of two or more 
ammo RCid monomers and construcled by a stochastic or random process A random peptide can include framework 
or scaffolding motifs, which may comprise invariant sequences 

[0128] As used herein "random peptide library" refers to a set of polynucleotide sequences that encodes a set of 
5 random peptides, and to the set of random peptides encoded by those polynucleotide sequences, as well as the fusion 
proteins containing those random peptides 

[0129] As used herein, the term "pseuaorandom" refers to a set of sequences that have limited variability, so that 
for example the degree of residue variability at one position is different than the degree of residue variability at another 
position but any pseudorandom position fs allowed some degree of residue variation, however circumscribed. 

10 [01 30] As used herein, the term "defined sequence framework" refers to a set of defined sequences that are selected 
on a nonrandom basis, generally on the basis of experimental data or structural data, for example, a defined sequence 
framework may comprise a set of amino acid sequences that are predicted to form a |5-sheet structure or may comprise 
a leucine zipper heptad repeat motif, a zinc-finger domain, among other variations A "defined sequence kernal" is a 
set of sequences which encompass a limited scope of variability Whereas (1 ) a completely random 10-mer sequence 

15 of the 20 conventional amino acids can be any of (20)^° sequences, and (2) a pseudorandom 1 0-mer sequence of the 
20 conventional ammo acids can be any of (20)"^ sequences but will exhibit a bias for certain residues at certain 
positions and/or overall, (3) a defined sequence kernal is a suoset ot sequences which is less that the maximum number 
of potential sequences if each residue position was alloweo to be any of the allowable 20 conventional amino acids 
(and/or allowable unconventional amino/imino acids) A defined sequence kernal generally comprises variant and in- 

20 variant residue positions and/or comprises variant residue oositions which can comprise a residue selected from a 
defined subset of amino acid residues), and the like either segmentally oi over the entire length of the individual 
selected library member sequence. Defined sequence kernals can refer to either amino acid sequences or polynucle- 
otide sequences For illustration and not limitation, the sequences (NNK)^o (NNM)-,q, where N represents A, T G, 
or C; K represents G or T; and M represents A or C, are defined sequence kernals. 

2S [0131] As used heroin "epitope" refers to that portion of an antigen or other macromolcculc capable of forming a 
binding interaction that interacts with the variable region binding pocket of an antibody Typically, such binding inter- 
action is manifested as an intermolecutar contact with one or more amino acid residues of a CDR. 
[0132] As used herein, "receptor" refers toa molecule that has an affinity for a given ligand Receptors can be naturally 
occurring or synthetic molecules Receptors can be employed in an unaltered state or as aggregates with other species 

30 Receptors can be attached, covalently or noncovalently to a binding member, either directly or via a specific binding 
substance. Examples of receptors include, but are not limited to. antibodies, including monoclonal antibodies and 
antisera reactive with specific antigenic determinants (such as on viruses, cells, or other materials), cell membrane 
receptors, complex carbohydrates and gtycnnroteins enzymes, and hormone receptors 

[01 33] As used herein "ligand" refers to a molecule, such as a random peptide or variable segment sequence, that 

3S is recognized by a particular receptor. As one of skill in the art will recognize, a molecule (or macromoiecular complex) 
can be both a receptor and a ligand. In general, the binding partner having a smaller molecular weight is referred to 
as the ligand and the binding partner having a greater molecular weight is referred to as a receptor 
[01 34] As used herein, "linker" or "spacer" refers to a molecule or group of molecules that connects two molecules, 
such as a DNA binding protein and a random peptide, and serves to place the two molecules m a preferi-ed configuration, 

•^0 e g., so that the random peptide can bind to a receptor with minimal steric hindrance from the DNA binding protein. 
[0135] As used herein, the term "operably linked" refers to a linkage of polynucleotide elements in a functional rela- 
tionship A nucleic acid is "operably linked" when it is placed into a functional relationship with another nucleic acid 
sequence. For mstance, a promoter or enhancer is operably linked to a coding sequence if it affects the transcnotion 
of the coding sequence. Operably linked means that the DNA sequences being linked are typically contiguous and. 

-'^ where necessary to join two protein coding regions contiguous and in reading frame 

[0136] The term "recursive sequence recombination" as used herein refers to a method whereby a population of 
polynucleotide sequences are recombined with each other by any suitable recombination means (e g,, sexual PGR, 
homologous recombinalion, sile-specific recombination, etc.) to geneiale a library o\ sequence-iecombined species 
which is then sci eened oi subjected to selection to obtain those sequence-recofnbined soecies having a desired piop- 

^0 erty; the selected species are then subjected to at least one additional cycle of recombination with themselves and/or 
with other polynucleotide species and at subsequent selection or screening for the desired property 
[0137] Screening is, in generaL a two-step orocess in which one first determmes which cells do and do not express 
a screening markor and then physically separates the colls having the desired property Selection is a form of screening 
in which identification and physical separation are achieved simultaneously by expression of a selection marker, which, 

55 in some genetic circumstances allows cells expressmg the miarker to survive while other cells die (or vice versa). 
Screening ma- kers include luciferase, |5-galactostdase. and green fluorescent protein Selection markers include drug 
and toxin resistance genes Although spontaneous selection can and does occur in the course of natural evolution in 
the present methods selection is performed by man 
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[01 38] Nucleic acid shuffling is a methoc tor recursive in vtt^oo^ in vivo homologous recombination of pools ol nucleic 
acid fragments or ooiynuciectides Mixtures of related r^uc^eic acid sequences or poiynucleotiaes are rancomly or 
5 pseudorandomiy tragmenied and reassemoled to yield a liO'ary or mixed population of recombinant nucleic acid mo!- 
ecuies or polynucleotides 

[0139] In contrast lo cassette mutagenesis only shufflnp and error-prone PGR (or use of othe^ mutation-enhance- 
ment methods chemical mutagenesis, mutator strains etc ) ailow one to mutate a pool of sequences blindly (without 
sequence information other than primers) 

10 [0140] The advantage of the mutagenic shutting of tnis invention over error-prone PGR alone for repeated selection 
can bes: be explained with ar example from antibody engineering tn ^igure 1 is shown a schematic diagram of DNA 
shuffling as described herein. The initial library can consist of related sequences of diverse origin (i.e. antibodies from 
naive mRNA) or can be denved by any type of mutagenesis (including shuffling) of a single antibody gene. A collection 
of selected complementarity determining regions ("CDRs") is obtained after the first round of affinity selection (Fig 1). 

75 In the diagram the thick CDRs confer onto the antibody molecule increased affinity for the antigen. Shuffling allows the 
free combinatorial association of all of the CDRIs with all of the CDR2s with all of the CDR3s. etc. (Fig.1 ). 
[0141] This method differs from: PGR. in that it is an inverse chain reaction. In PGR tne number of miolecules grows 
exponentially In shuffling, however, the number of the polymerase start sites and the number o' molecules remains 
essentially the same When di ution is used toallow turther lengtheningof the molecules, the shuffling process becomes 

^0 an inverse chain reaction generating fewer molecules 

[0142] Since cioss-overs occui at regions of homology, i ecombination will prtmanly occur between membe'S of the 
same sequence family This discourages combinations of CDRs that are grossly incompatible (eg, directed against 
different epitopes of the same antigeni It is contemplated tnat multiple families of sequences can be shuffled in the 
same reaction. Further, shuffling consen^es the relative order, such tnat for example. CDRl wih not be found in the 

25 position of GDR2. 

[0143] Rare shuffianls will contain a large number of the best (eg Highest affinity) CDRs and these rare shufflants 
may be selected cased on their superior affinity (Fig. 1) 

[0144] CDRs from a cool of 100 different selected antibody sequences can be permutated in up to 100^ different 
ways This large number of permutations cannot be represented in a single library of DNA sequences Accordingly, it 
30 IS contemplated that multiple cycles of DNA shuffling and selection may be required depending on the length of the 
sequence and the sequence diversity desired. 

[0145] Error-prone PGR, in contrast, keeps all the selectee CDRs in the same relative sequence (Fig. 1 ), generating 
a much smaller mutant cloud 

[0146] The template polynucleotide which may be used in the methods of this invention m,ay be DNA or RNA, It may 
05 be of various lengths depending on the size o' the gene or DNA Iragment to be recombined or reassembled. Preferably 

the template polynucleotide is from 50 bp to 5C kb It is contemplated that entire vectors containing the nucleic acid 

encoding the protein of interest can be used in the methods of this invention, and in fact nave been successfully used. 

[0147] The template polynucleotide may be obtained by amplification using the PGR reaction (U S Patent No. 

4,583.202 and 4,633.195) or other amplification or cloning methods. However the removal of free primers from the 
-?o PGR product before fragmentation provides a more efficient result. Failure to adequately remove the primers can lead 

to a low frequency of crossover clones 

[0148] The template polynucleotide often should be double-stranded A double-stranded nucleic acid molecule is 
requirec to ensure that regions of the resulting single-stranded nucleic acid fragments are complementary to each 
other and thus can hybridize lo term a double-stranded molecule 
-iS [0149] It IS contemplated that single-stranded or double-stranded nucleic acid fragments having regions of identity 
to the template polynucleotide and regions of heterology to the template oolynucleotide may be added to the template 
polynucleotide at this step It is a so contemplated that two different but related polynucleotide templates can be mixed 
al this siep 

[0150] The doubie-stianded polynucleotide template and any added douole-oi sinqle-sttanded fiagmenls are lan- 
50 domly digested into fragments of from about 5 bo to 5 Kb or more Preferably the size of the random fragments is from 

about 1 0 bp to 1 000 bp more preferably the size of the DNA fragments is from about 20 bp to 500 bp 

[0151] Alternatively r, is also contemplatec that double-stranded nucleic acid having multiple nicks may be used in 

the methods o'' th's invention A nick is a break in one strand of th c couolc-strandcd nucleic acid. The distance between 

such nicks is prelerably 5 bp ic 5 kD more preferably between 1 0 bp to 1 000 bp 
55 [0152] The nucleic acid fragment may be a gested by a number of different methods The nucleic aeid fragment may 

be digested with a nuclease sucn as DNAsel or RNAse The nucleic acid may be randomly sheared by the method 

of sonication or by passage throjgh a tube having a small orifice 

[0153] It IS also contemplated that the nucleic acid may also be partially diges:ed with one or more restriction en- 
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zymes such that certain points of cross-over nnay be retained statistically 

[0154] The concentration of any one specific nucleic acid fragment will not be greater than ^°/r^ by weight of the total 
nucleic acid, more preferably the concentration of any one specific nucleic acid sequence will not be greater than 0 1 % 
by weight of the total nucleic acid. 
5 [01 55] The number ot different specific nucleic acid fragnnents in the mixture will be at least about 1 0C. preferably at 
least about 500, and more preferably at least about 1000 

[0156] At this step sinqte-stranded or double-stranded nucleic acid fragments, either synthetic or natural, may be 
added to the random double-stranded nucleic acid fragments in order to increase the heterogeneity of the mixture of 
nucleic acid fragments. 

^0 [01 57] It IS also contemplated that populations of double-stranded randomly broken or nicked nucleic acid fragments 
may be mixed or combined at this step. Damaged DNA can be exploited to enhance recombination via the nicked 
portions which can participate in strand invasion, formation of recombination junctions, serve as free 3' ends for hybrid 
formation and the like. 

[0158] Where insertion of mutations into the template polynucleotide is desired, single-stranded or double-stranded 
^5 nucleic acid fragments having a region of identity to the template polynucleotide and a region of heterology to the 
template polynucleotide may be added in a 20 fold excess by weight as compared to the total nucleic acid, more 
preferably the single-stranded nucleic acid fragments may be added in a 10 fold excess by weight as compared to the 
total nucleic acid. 

[0159] Where a mixture ot different but related template polynucleotides is desired, populations of nucleic acid trag- 
20 ments from each of the templates may be combined at a ralto of less than about 1.100, more preferably Lhe ratio is 
less than about 1 40 For example, a bacKcross of the wild-type polynucleotide with a population of mutated polynu- 
cleotide may be desired to eliminate neutral mutations (e g., mutations yielding an insubstantial alteration in the phe- 
notypic property being selected for) in such an example, the ratio of randomly digested wild-type polynucleotide frag- 
ments which may be added to the randomly digested mutant polynucleotide fragments is approximately 1:1 to about 
25 100:1 , and more preferably from 1 :1 to 4C:1 . 

[0160] The mixed population of random length nucleic acid fragments are denatured to form single-stranded nucleic 
acid fragments and then reannealed. Only those single-stranded nucleic acid fragments having regions of homology 
wfth other single-stranded nucleic acid fragments will reanneal 

[0161] The random length nucleic acid fragments may be denatured by heating One skilled in the art could determine 
30 the conditions necessary to completely denature the double stranded nucleic acid Preferably the temperature is from 
80 °C to 100 °C, more preferably the temperature is from 90 °Cto 96 °C. Other methods which maybe used to denature 
the nucleic acid fragments include pressure (36) and pH. 

l^oifc^j I lie: riu»^ic;io aon^ iiayiMciiio i i lay i eai n icaicu uy L/UUitiiy. r i ci t; i d u ly ii lu ici i ifjui d tu i t; ics iiwiii ^ lU 

''C, more preferably the temperature is from 40 ""C to 65 °C If a high frequency of crossovers is needed based on an 
35 average of only 4 consecutive bases of homology, recombination can be forced by using a low annealing temperature, 
although the process becomes more difficult. The degree ot renaturation which occurs will depend on the degree of 
homology between the population of single-stranded nucleic acid fragments. 

[0163] Renaturation can be accelerated by the addition of polyethylene glycol ("PEG") or salt. The salt concentration 
is preferably from 0 mM to about 400 mM, more preferably the salt concentration is from 10 mM to 100 mM. The salt 
■^0 may be KCI or NaCI. The concentration of PEG is preferably from 0% to 20%, more preferably from 5% to 10% Higher 
concentrations of salt and/or PEG can be used, if desired. 

[0164] The annealed nucleic acid fragments are next incubated in the presence of a nucleic acid polymerase and 
dNTP's (i e dATP. dCTP, dGTP and dTTP). The nucieic acid polymerase may bethe Klenowfragment, the Taq polymer- 
ase or any other DNA polymerase known in the art 
•^5 [0165] The approach to be used for the assembly depends on the minimum degree of homology that should still 
yield crossovers. If the areas of identity are large Taq polymerase can be used with an annealing temperature of 
between 45-65°C. If the areas of identity are small. Klenow polymerase can be used with an annealing temperature 
of between 20-30°C One skilled in lhe art could vaiy the lernperature of annedling lo increase the number of cross- 
overs achieved. 

50 [0166] The polymerase may be added to the random nucleic acid fragments prior to annealing, simultaneously with 
annealing or after annealing. 

[0167] The cyc^e of denatu ration, renaturation and incubation in the presence of polymerase can be referred to as 
shuffling or reassembly of the nucleic acid This cycle is repeated for a ocsircc number of times Prcfcrabiy the cycle 
IS repeated from 2 to 50 times, more preierably the sequence is repeated from 10 lo 40 times. The term, "snuffling" 
55 encompasses a broader range o' recursive recombination processes which can include, but are not obligated to, PGR 
amplification or similar amplification methods: thus shuffling can involve homologous recombination, site-specif ic re- 
combination chimera formation (e g Levichkin et al op cit) and the like so long as used recursively (i e for more 
than one cycle of sequence recombination) with selection and/or screening Non-deterministic recombination, such as 
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aenera! homoogous recombination can oe usee in ccnnctnation witn n place of aeternninistic ^econnDination sucn 
as sile-specific rGConnD>naiior where the sites o*' recombination are known and.o^ defined 

[0168] 'he resulting nucleic acia is a large^ couoie-stranoed pGiynucleoiiae o' trom aoou: 50 bo to about 100 kc 
preferably the larger DClynucieotiae is 'romi 500 bo to 50 kb 

[0169] This larger po yn jcieotiae fragmen: n^iay contar a numcer o: copies of a nucieic acid 'ragmen: having the 
same size as the template polynucleotide in taroem This concatemenc uaqment is then digested into single copies 
of tne template poiynucleotiae The result will oe a population of nucieic acio fragm.en'.s of approximately the same 
size as the template polynucleotide The population will be a mixed population where single or double-strandec nucieic 
acid ''ragments having an area of identity and an a^ea of heterology nave oeen added to the template polynucleotide 
prior to shuttling At-.ernatively tne concatemer can be introduced le g.. via electroooration lipofecticn or the like) 
di- ectiy without monomenzation Fo^ ia^ge sequences it can be desirable to subdivide the large sequence into several 
subportions which are separately shuttled wrth other substantially similar portions, and the pool of resultant shuffled 
subporttons are then heated, typically in original order, to generate a pool of shuffled large sequences which can then 
be used for transformation of a host cell, or tne like. 

[01 70] These fragment are then cloned into the appropriate vecto^ and the ligation mixture used to transform bacteria. 
[0171 ] It IS contemplated that the single nucleic acid fragments may be obtained from the larger concatemenc nucleic 
acid uagment by amplification o' the single nucleic acid :ragments prior to cloning oy a variety of methocs including 
PGR (U S Patent No. 4.653.195 and 4.683.202) rather than by digestion of the concatemer Alternatively, the con- 
caterr-er can be introduced (e g.. via eleclroporation lipofeciior o' the like) directly withou: monomenzation 
[0172] The vector used for cloning is not critical provioed lhal it will accept a DNA fragment of the desired size If 
expression of the DNA ftagrnent is desiied. the cloning vehicle shouid ^urltiei co'-npiise transci iption and tianslation 
signals next to the site of insertion of the DNA fragment to alow expression of the DNA fragment in the host cell. 
Prefe'-red vectors include the pUC series and the pBF series o' plasmids 

[0173] Tne resulting baclenai population will include a numoer of recombinant DNA fiagments having ranaom^ mu- 
tations This mixed population nr-ay be tested tc identify the desired recombinant nucleic acic fragment The method 
of selection will depend on the DNA fragment desired 

[0174] For example if a DNA fragment which encodes for a orotein with increased binding efficiency to a ligand is 
desired, the proteins expressed by eacn o* the DNA tragmen:s in the population or library may be tested tor their ability 
to bind to the ligand by methods knov^n in the art (i e panning affinity chromatography) It a DNA fragment which 
encodes for a protein with increased drug resistance is desired, the proteins expressed by eacn of the DNA fragments 
in the population or library may be tested for their ability to confer drug res stance to the host organism One skilled in 
the art. given knowledge of the desired protein, could readily test the population to identify DNA fragments which confer 
the desired properties onto the pr-otein 

[0175] It IS contemplated that one skilled in the art could use a ohaqe display system in which 'ragments of the protein 
are expressed as fusion proteins on the phage surface (Pharmacia. Milwaukee W!) 'he recombinant DNA molecules 
are cioned into the phage DNA at a site which results in the transcnpticn of a fusion protein, a portion of which is 
encoijed by the recombinant DNA molecule The phage containing the recombinant nucieic acid mo ecuie undergoes 
replication and transcription in the cell The leade- sequence of the fusion protein directs the transport ot the fusion 
protein to tne tip ot the phage particle Thus the fusion orotein whicn is partially encodec by the recombinant DNA 
molecule is displayed on the phage particle for detection and selection ty the methods descrioed above. 
[0176] !! s further contemplated that a number ot cycles ot nucleic acid shuffling may be conducted with nucleic acid 
fragments from a subpopulation of the first population, which subpopulation contains DNA encoding tne desired re- 
combinant orotein In this manner, proteins with even higher binding affinities or enzymatic activity could be achieved 
[0177] It IS also contemplated thai a number of cycles of nuc eic acid shuttling may be conoucted with a mixture of 
wild-type nucleic acid fragments and a subpopulation ot nucleic acid from the first or subsequent rounds of nucleic 
acid shuffling in order to remove any silent mutations 'rom the subpopulation 

[0178] Any source of nucleic acid, in purified form can be utilizec as the starting nucleic acid 'hus the process may 
employ DNA oi RNA including messerigei RNA. wfiich DNA oi RNA may be single or double slranoed In addilion. a 
DNA-RNA nybrid whicKi conlainb one sttand of each may be utilized The nucleic acid sequerics may be of various 
lengths depending on the size ot the nucleic acid sequence to be mutated Preferab y the specific nucleic acid sequence 
IS from 50 to 50000 oase pairs It is contemplated that entire vectors containing the nucleic acid encoding the protein 
of interest may be usee in the methods of this invention 

[0179] The nucleic acid m,ay be obla'ncd from any source tor example from plasmids such a pBf=322 f^om cloned 
DNA or RNA or trom natural DNA or RNA from any source incluaina bacteria yeast viruse-s and nigher organisms 
such as plants or animals DNA RNA may be extracted from blooo or tissue matenal The template polynucleotide 
may oe obtainec oy amplification using the oolynuc eo:ide cnam reaction (PGR'. U S Patent no ^683.202 and 
4 5,^:';^ -jG5', Alt ernat vely the po ynucleotide may be pre-ert in a vector oresent in a ceil and sufficient nucleic acid 
may oe obtained by cultunng the cell and extracting the nucleic acid Irom tne cell by methods known ir tne art 
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[01 80] Any specific nucleic acid sequence can be used lo produce the population of mutants by the present process. 
II IS only necessary that a small population of mutant sequences of the specific nucleic acid sequence exist or be 
created prior to the present process. 

[0181] The initial small population of the specific nucleic acid sequences having mutations may be created by a 

s number ot different methods Mutations may be created by error-orone PGR. Error-prone PGR uses low-fideltty po- 
lymerization conditions to introduce a low level of point mutations randomly over a long sequence Alternatively mu- 
tations can be introduced intothetemplate polynucleotide by oliqonucleotide-directed mutagenesis. In oligonucleotide- 
directed mutagenesis, a short sequence of the polynucleotide is removed from the polynucleotide using restriction 
enzyme digestion and is replaced with a synthetic polynucleotide in which various bases have been altered from the 

10 original sequence. The polynucleotide sequence can also be altered by chemical mutagenesis Chemical mutagens 
include, for example, sodium bisulfite, nitrous acid, hydroxylamine, hydrazine or formic acid. Other agents which are 
analogues of nucleotide precursors include nitrosoguanidine, 5-bromouracil. 2-aminopurine, or acridine. Generally 
these agents are added to the PGR reaction in place of the nucleotide precursor thereby mutating the sequence. 
Intercalating agents such as proflavine, acriflavine, quinacrine and the like can also be used. Random mutagenesis of 

75 the polynucleotide sequence can also be achieved by irradiation with X-rays or ultraviolet light. Generally, plasmid DNA 
or DNA fragments so mutagenized are introduced into E. coli and propagated as a pool or library ot mutant plasmtds. 
[0182] Alternatively the small mixed population of specific nucleic acids may be found in nature in that they may 
consist of different alleles of the same gene or the same gene from different related species (i.e.. cognate genes). 
Alternatively, they may be related DNA sequences found within one species, for example, the immunoglobulin genes. 

20 [0183] Once the mixed popuialion ol the specific nucleic acid sequences is generated, the polynucleotides can be 
used directly or inserted into an appropriate cloning vector, using techniques well-known m the art. 
[0184] The choice of vector depends on the size of the polynucleotide sequence and the host cell to be employed 
in the methods of this invention. The templates of this invention may be plasmids, phages, cosmtds phagemids viruses 
(e.g., retroviruses, paratnfluenzavirus, herpesviruses, reoviruses, paramyxoviruses, and the like), or selected portions 

25 thereof (e g , coat protein, spike glycoprotein, capsid protein). For example, cosmids, phagemids, YACs, and BACs 
are preferred where the specific nucleic acid sequence to be mutated is larger because these vectors are able to stably 
propagate large nucleic acid fragments. 

[01 85] If the mixed population of the specific nucleic acid sequence is cloned into a vector it can be clonally amplified 
by inserting each vector into a host cell and allowing the host cell to amplify the vector This is referred to as clonal 
30 amplification because while the absolute number of nucleic acid sequences increases, the number of mutants does 
not increase. 



Par^lleiPCR 



35 [01 86] In parallel PGR a large number of different PGR reactions occur in parallel in the same vessel, with the products 
of one reaction priming the products of another reaction. As the PGR products prime each other, the average product 
size increases with the number of PGR cycles 

[0187] By using multiple primers in parallel, sequences in excess of 50 kb can be amplified. Whole genes and whole 
plasmids can be assembled in a single tube from synthetic oligonucleotides by parallel PGR. Sequences can be ran- 
■^0 domly mutagenized at various levels by random fragmentation and reassembly of the fragments by mutual priming. 
Site-specific mutations can be introduced into long sequences by random fragmentation of the template followed by 
reassembly of the fragments in the presence of mutagenic oligonucleotides A particularly useful application of parallel 
PGR IS called sexual PGR 

[0188] in sexual PGR, also called DNA shuffling, parallel PGR is used to perform in vitro recombination on a pool of 
-^5 DNA sequences A mixture of related but not identical DNA sequences (typically PGR products, restriction fragments 
or whole plasmtds) is randomly fragmented, for example by DNAsel treatment These random fragments are then 
reassembled by parallel PGR, As the random fragments and their PGR products prime each other, the average size 
of the fiagr7ients increases wilh the number ol PGR cycles, Recornbinalion, or crossover occurs by lemplaLe sv^itching, 
such as when a DNA fragment derived from one template primes on the homologous positiori of a reiated but differ ent 
•50 template. For example, sexual PGR can be used to construct libraries of chimaeras of genes from different species 
('zoo libraries'). Sexual PGR is useful for in vitro evolution of DNA sequences The libraries o' new mutant combinations 
that are obtained by sexual PGR are selected for the best recombinant sequences ai the DNA. RNA. protein or small 
nnolcculc level. This oroccss of recombination, selection and amplificaiion is repeated for as many cycles as noceosary 
to obtain a desired property or function- 
's [01 89] Most versions of parallel PGR do not use primers The DNA fragments, whether synthetic, obtained by random 
digestion,, or by PGR with primers, serve as the template as well as the primers Because the concentration of each 
different end sequence in the reassembly reaction is very low the formation of primer dimer is not observed, and if 
erroneous priming occurs, it can only grow at the same rate as the correctly annealed product Parallel PGR requires 
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many cycles cf PCR because only hal^ of Tne annealed pairs nave exierdaole overnangs anc tne concentration o- 3' 
encs [S ow 

UliiiTV 

[0190] The DNA shuffiinq methoc this invention can be oeHornned ^iirdly or a pooi of unKPOwn sequences By 
adding tc the reassemciy nnixture Oiiqcnucieoliaes iwitn encs tnat are homotopous to the sequences being reassem- 
bled) any sequence mixture car be incorporated at .^ny specific position into another sequence mixture Thus, it is 
contemplated that mixtures of synthetic oiigonuciectides PCR fragments or even whole genes can be mixed into 
another sequence library a* defined positions The inselion o"' ore sequence (mixture) is independent from the insertion 
of a seauence in another part of the template Thus the degree ot -ecombmatton. the homology required, and the 
diversity of the library can be indepenoently and simultaneously varied along tne length of the reassembled DNA. 
[0191] This approach of mixing two genes may be useful for the humanization of antibodies from murine hybndomas 
The approach ot mixing tv^o genes or inserting mutant sequences into genes may be useful lor any therapeutically 
used protein, for example, interleukin !. antibodies. tPA, g^owlh hormone etc. The approach may also be useful in any 
nucleic acid for example, promoters or introns or 3' untranslatec region o^ 5' uniranslated regions of genes to increase 
expression or alter specificity ot expression of proteins The approach may also be used to mutate nbozymes or aptam- 
ers 

[0192] Shuffling requ res the presence of homologous regions separating regions of diversity If the sequences ;o 
be shuffled are not subsLanLially denUcal. il is tyoicatiy prelerabie to employ inl^on-based shuffling and/or sile-specific 
recofnbination Scaffold-hke piotem sti uctui es may be particjlai ly suitable tot sliufiing JUe conserved scaffold detei- 
mines the overal folding by self-association while Displaying relatively unrestrictec loops that mediate the specific 
binding Examples of such scaffolds are the immunoglobulin beta-barrel, and the four-helix bundle (24) This shuffling 
can be used to create scatfold-iike proteins vyith various combinationG o*- mutated sequences ''or binding 

In Vitro Shuffling 

[0193] The equivalents of some standard genetic matings may also be performed by shuffling in vitro For example 
a 'molecular backcross' can be performed by repeated mixing of the mutant's nucleic acid with the wild-type nucleic 
acid while selecting for the mutations of interest As in traditiona^ breeding, this approach can oe used to combine 
phenotypes from different sources into a background of choice It is useful, for example for the removal of neutral 
mutations that affect unselected characteristics (i.e immunogenicity). Thus it can be useful to determine which muta- 
tions in a protein are involved in the enhanced biological activity and wnich are not an advantage which cannot be 
achieved by e^ror-prone mutagenesis or cassette mutagenesis methods. 

[0194] Large, functional genes can be assembled correctly from a mixture of small random fragments. This reaction 
may be of use for the reassembly ot genes from the h-ghly fragmented DNA of fossils (25) In addition ranaom nucleic 
acid fragments from fossils may be combined with nucleic acid fragments fromi similar canes from related species 
[0195] It IS also contemplated that the method of this invention can be used for the in vitro amplificat on of a whole 
genome from a single cell as is needed tor a variety of research and diagnostic applications DNA amplification by 
PCR IS in practice limited to a length of about 40 kb. Amplification of a whole genome such as that of E. col: (5,000 kb) 
by PCR would require about 250 primers yielding 125 forty kb fragments This approach is not practical due to the 
unavailability of sufficient sequence data On the othc" hand, random digestion of the genome with DNAsel, followed 
by gel purification o^' small fragments will provide a multitude of possible primers Use of this mix ot random small 
fragments as primers in a PCR reaction alone or with the whole genome as the template shoulc result in an inverse 
chair reaction with the theoretical endpoint (assuming dilution and additional PGR j of a single concatemer containing 
many copies of the genome. 

[0196] 100 fold amplification in the copy number and an average fragment size of greater than 50 kb may be obtained 
when only random fragments are used tsee Example 2) II is tfioughi thai the larger concalemer is generaled by overlap 
of inany smaltei fiagments Tlie quality of specific PCR pioducts obtained using synthetic piimers wii be indistinguisn- 
able 'rom the product obtained from, unampiifiec DNA It s expected thai th s approach will be useful for the mapping 
of genomes 

[0197] The polynucleotide to be shufflec can be fragmented ranoomly or non-randomiy at the d scretion of the prac- 
tttonor 

In Vivo Shuffling 

[0198] in an emibodimenl of in vivc shuff inc the mi>ec population of tne specific nucioic acid seauence is introduced 
into pactenal (e c Archeaeoactoria i or eukaryotic colls uncsr condil ons sucr that at least two different nucleic acid 
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sequences are present in each hosl cell. The fragments can be introduced into the host cells by a variety of different 
methods The host cells can be transformed with the fragments using methods Known in the arl, for example treatment 
with calcium chlortde. If the fragments are inserted into a phage genome, the host cell can be transfected with the 
recombinant phage genonne having the specific nucleic acid sequences Alternatively the nucleic acid sequences can 
be introduced into the host cell using eiectroporation, natural competence, transduction transfection, lipofection. biol- 
istics, conjugation, and the like or other suitable method of introducing a polynucleotide sequence into a cell. 
[0199] In general, in this embodiment, the specific nucleic acids sequences will be present in vectors which are 
capaole of stably replicating the sequence in the host cell. In addition, it is contemplated that the vectors will encode 
a marker gene such that host cells having the vector can be selected or screened. Tnis ensures that the mutated 
specific nucleic actd sequence can be recovered after introduction into the host cell However it is contemplated that 
the entire mixed population of the specific nucleic acid sequences need not be present on a vector sequence Rather 
only a sufficient number of sequences need be cloned into vectors to ensure that after introduction of the fragments 
into the host cells each hosl cell contains two vector species having at least one related-sequence nucleic acid se- 
quence present therein. It is also contemplated that rather than having a subset of the population of the specific nucleic 
acids sequences cloned into vectors, this subset may be already stably integrated into the host cell, 
[0200] It has beer found that when two fragments which have regions of identity are inserted into the host cells, 
homologous recombination occurs between the two fragments. Such recombination between the two mutated specific 
nucleic acid sequences will result in the production of substantially all combinations of all or most of the mutations (as 
limited by library size and propagation efficiency, etc ) 

[0201] II has also been found thai the frequency of recombination is increased if some of Ihe mulaled specific nucleic 
acid sequences are present on lineai nucleic acid molecules. Therefore, in a prefeiied embodiment, some of the 
specific nucleic acid sequences are present on linear nucleic acid fragments In an embodiment, the nucleic acid 
molecules are single-stranded or substantially single-stranded, such as single-stranded phage genomes which may 
or may not comprise heterologous sequences. MT 3 phage is an example of a suitable ssDNA template and M1 3 has 
the advantage that the M1 3 virus can bo shuffled in prokaryotic cells (e g., E. coli), and then used to transfer DNA into 
mammalian cells. 

[0202] After transformation, the host cell transformants are placed under seleclion to identify those host cell trans- 
formants which contain mutated specific nucleic acid sequences having the qualities desired. For example, if increased 
resistance to a particular drug is desired then the transformed host cells may be subjected to increased concentrations 
of the particular drug and those transformants producing mutated proteins able to confer increased drug resistance 
will be selected. If the enhanced ability of a particular protein to bind to a receptor is desired, then expression of the 
protein can be induced from the transformants and the resulting protein assayed in a ligand binding assay by methods 
known in thn art to identify that subset of the mutated population which shows enhanced binding to the ligand. Alter- 
natively, the protein can be expressed in another system to ensure proper processing. 

[0203] Once a subset of the first recombined specific nucleic acid sequences {daughter sequences) having the de- 
sired characteristics are identified, they are then subject to a second round of recombination 

[0204] In the second cycle of recombination, the recombined specific nucleic acid sequences may be mixed with the 
original mutated specific nucleic acid sequences (parent sequences) and the cycle repeated as described above. In 
this way a set of second recombined specific nucleic acids sequences can be identified which have enhanced char- 
acteristics or encode for proteins having enhanced properties. This cycle can be repeated a number of times as desired. 
[0205] It js also contemplated that in the second or subsequent recombination cycle, a backcross can be performed. 
A molecular backcross can be performed by mixing the desired specific nucleic acid sequences with a large number 
of the wild-type sequence, such that at least one wild-type nucleic acid sequence and a mutated nucleic acid sequence 
are present in the same host cell after transformation. Recombination with the wild-type specific nucleic acid sequence 
Will eliminate those neutral or weakly contributory mutations that m,ay affect unselected characteristics such as immu- 
nogenicity but not the selected characteristics. 

[0206] In another embodiment of this invention, it is contemplated that during the first round a subset ot the specific 
nucleic acid sequences can be fragmenled prior Ic inlroduclion into the hosl cell The size of the (ragmerHs must be 
large enough to contain some regions of identity with the other sequences so as to homoiogously lecombine witli the 
other sequences. These fragments. ssDNA or dsDNA can be coated with RecA in vitro to promote hybndization and/ 
or integration into the host DNA. The 5 size of the fragments will range from C.03 kb to 100 kb more preferably from 
0.2 ko to 1 0 kb It IS also contemplated that in subsequent rouncs all of the specific nucleic acid sequences other than 
the soqucnccG selected from the previous round may be cleaved into fragmcntG prior to introduction into the host cells. 
"Cleavage" may oe by nuclease digestion. PCR amplification (via partial extension or stuttering), or other suitable 
means for generating partial length polynucleotides of parent sequence(s) 

[0207] Fragmentation of the sequences can be accomplished by a variety of methods known in the art The sequenc- 
es can be randomly fragmented or fragmented at specific sites in the nucle'C acid sequence Random fragments can 
be obtained by breaking the nucleic acid or exposing it to harsh physical treatment (eg . shearing or irradiation) or 
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harsh chemtcai age'^ts le g by f^ee raaicais meiai ions acid treatment to deoLnnaie and c eave; Rancon^ fragnnents 
can also be obtainec in the case of DNA cy the use of DNase or like n jciease o^ by ether nneans as discussed herein 
Tne sequences car be cleaved a: soecific sites oy :he use of restriction enzynnes The tragnnented sequences can be 
stngie-stranaed or ooubie-stranoed If tne sequences were originally E:ngie-stranoed tney can be deratured w th heat 
chemicals or enzynnes bnor to insertion into tne ncs! cell Tne reaction conditions suitable to^ separating tne strands 
of nucleic acid are well known in tne af Furthermore bartial PCR extension ^CRstut:ernq and othe^ related methods 
for proaucing partial length cobies o- a parental sequence can be useo to effect "f ^aqn-ientation" e g lo obtain a hybrid 
product which contains segments derived from different parental sequences 

[0208] The steps of this process can oe repeated indefinitely being limtteo cniy by tne number of possible mutants 
which can be achieved After a certain numoer of cycles all possible mutants will nave been achieved and further 
cycles are -edundant 

[0209] In an embodiment the same mutated template nucleic acid is repeatedly recombined anc the resulting re- 
combinants selected to- the aesirec characteristic 

[0210] Therefore, the initial pool or poDuiation of mutated template nucleic acid ts cloned into a vector capable of 
replicating in bacteria such as E. coli The particular vector is not essential, so long as it is capable of autonomous 
replication in E. coli or integration into a host chromosome in a preferrec embodiment, tne vector iS desigr^ed to allow 
the expression and oroduction ct any orotein encoded by the miutated specific njcieic acid linked to the vector it is 
also oreterred that the vector contain a gene encoding tor a selectable marKer 

[0211] The population of vectors containing the pool of mutated nucieic acid sequences is introduced into the £. co/i 
host cells The vector nucleic acid sequences may be inlroducec by Uansformalion. IranslecLicn or infection in the 
case of phage. The concentiation of vectois used to transform the bacteria is such ttiat a rn jrnoei of vectors is introduced 
into eacn cell Once present in the celt, the efficiency of homologous recombination is such that homologous recom- 
bination occurs between the various vectors This results in the generation of mutants (daugrters) having a combination 
of mutations which differ from the onginal parent mutatec sequences 

[0212] The host cctts arc then replicated typically clonaliy and selected for the marker gone present on the vector 
Only those cells having a plasmid will grow under the selection 

[0213] The host cells which contain a vector are then tested for the presence of favorable mutations Such testing 
may consist of placing the cetis under selective pressure, fo^ example, if the gene to be selected is an improved drug 
resistance gene If the vector allows expression of the o^otein encoced by the mutatec nucleic acid sequence, then 
such selection may inciude allowing expression of the protein so encoded, isolation of the protein and testing of the 
protein to determine whether, for example, it binds witn increased efficiency to the ligand of interest 
[0214] Once a particular poo! of daughter mutated nucleic acid sequence has been identified which confers the 
desired characteristics, the nucleic actd is isolated either already linked to the vector or separated from the vector This 
nucleic acid is then recombined v;ith itself or with similarly selected oools] and the cycle is repeated, optionally parental 
sequences can be used for subsequent rounds of recombination, n place of o' in addition to other selected caughter 
species. 

[0215] It has been shown that by this method nucleic acid sequences having enhanced desired propenies can be 
selected 

[0216] In an alternate embodiment, the first generation of mutants are retained in the cells and the first generation 
of mutant sequences are added again to the cells. Accordingly, the first cycle of Embodiment I is conducted as described 
above However, after the daughter nucleic acid sequences are identified the host ceils containing these sequences 
are retained 

[0217] The daughter mutated specific nucleic acid population either as fragments or cloned into the same vector is 
introduced into the host cells already containing the daughter nucleic ac>ds Recombination is allowed :o c-ccur in the 
cells and the nex: generation of 'ecomoinants or granadaughters are selected by the methods described above 
[0218] This cycle can be repealed a numberof limes until the nucleic acid or peptide having the desired characteristics 
IS obtained It is contemplatec that in subsequent cycies. the pODulation of mutated sequences which are added to the 
pfetened mutants may corT^e from tne paiental mu;arTls oi ariy subsequent generation 

[0219] In an alternative embocirnent the ir^tventiorT provides a mettiodof coriducting a "inolecuiai " backLioss of \he 
obtained recombinant specific nucleic acids (one spec.es or a pool of several specsts) in order to eliminate any neutral 
mutations Neutral mutations are thc-sc mutations v>/hich do not conlc^ onto tne nucleic acid or peptide the desired 
properties Such mulattons may however con*er on ihe nucleic acid or pcptioe undesirable characteristics Accord ngly 
It G ccsirablc :o eliminate such rcu:rai m,uta lions The mcthodc- of tnis invcniion provide a means c^ dome so 
[0220] Irrthis embodiment after tne mutanl nucieic acic having tne oosircd cnaiaclenstics is octaine:^ by the metn- 
ods of tne Gmbodimen'.s the nucieic acid tne vecio^ having ".ne noc eic acia o' the nost coll tissue or trdividuai 
organism containing tne vector anc nucieic acio is isoiatoo 

[0221] The nucleic acid or v'sctor is then introduced into *ne hos; cf=l: wfh a large excess of the wild-type nucleic 
acid Tne nuceic acid of the mutant ana the nucieic acic of the wilo-type secuence are allowed to recombine The 
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resulting recombinants are placed under the same selection as the mutant nucleic acia Only those reconnbinants which 
retained the desired characteristics will be selected Any silent mutations which do not provide the desired character- 
istics will be lost through recombination with the wild-type DNA. This cycle can be repeated a number of times until all 
of the silent nnutations are eliminated 

[0222] Thus the methods of this invention can be used in a molecular backcross to eiiminate unnecessary, weakly 
contributing, and/or silent mutations 



Utility 



[0223] The in vivo recombination method of this invention can be performed blindly on a pool of unknown mutants 
or alleles of a specific nucleic acid fragment or sequence, or family of diverse but related sequences or sequences 
which share one or more recombinogenic sequences (e.g., a site-specific recombination site, a localized segment of 
sequence homology having substantial identity for homoloogus recombination, a homologous recombination "hotspot" 
sequence, a restriction site, etc.) suitable for recursive recombination. However, it is not necessary to know the actual 
DNA or RNA sequence of the specific nucleic acid fragment. 

[0224] The approach of using recombination within a mixed population of genes can be useful for the generation of 
any useful proteins, for example, interleuktn I, antibodies, tPA. growth hormone, etc. This approach may be used lo 
generate proteins having altered specificity or activity. The approach may also be useful for the generation of mutant 
nucleic acid sequences, tor example, promoter regions, introns. exons. enhancer sequences, 3' untranslated regions 
or 5' untranslated regions of genes. Thus this approach may be used lo generate genes having increased rates of 
expression This approach may also be useful in the study of lepetitive DNA sequences. Finally this approach may 
be useful to mutate ribozymes or aptamers. 

[0225] Scaffold-like regions separating regions of diversity in proteins may be particularly suitable for the methods 
of this invention. The conserved scaffold determines the overall folding by self -association, while displaying relatively 
unrestricted loops that mediate the specific binding. Examples of such scaffolds arc the immunoglobulin beta barrel, 
and the four-helix bundle. The methods of this invention can be used to create scaffold-like proteins with various com- 
binations of mutated sequences for binding. 

[0226] The equivalents of some standard genetic matings may also be performed by the methods of this invention. 
For example, a "molecular" backcross can be performed by repeated mixing of the mutant's nucleic acid with the wild- 
type nucleic acid while selecting for the mutations of interest As in traditional breeding, this approach can be used to 
combine phenotypes from different sources into a background of choice. It is useful, for example, for the removal of 
neutral mutations that affect unselected characteristics (i.e. immunogenicity) Thus it can be useful to determine which 
rnuiaiiofis ii'i a piolein are involved in the enhanced biological activity snd which arc not. 



35 Peptide Display fVlethods 



[0227] The present method can be used to shuffle, by in vitro and/or in vivo recombination by any of the disclosed 
methods, and in any combination, polynucleotide sequences selected by peptide display methods, wherein an asso- 
ciated polynucleotide encodes a displayed peptide which is screened for a phenotype (e g,, for affinity for a predeter- 

■^0 mined receptor (ligand). 

[0228] An increasingly important aspect of biopharmaceutical drug development and molecular biology is the iden- 
tification of peptide structures, including the primary amino acid sequences, of peptides or peptidonimetics that interact 
with bioiog!cal macromolecules. One method of identifying peptides that possess a desired structure or functional 
property, such as binding to a predetermined biological macromolecule (e g,, a receptor), involves the screening of a 

-^5 large library or peptides for individual library members which possess the desired structure or functional property con- 
ferred by the amino acid sequence of the peptide 

[0229] In addition to direct chemical synthesis methods for generating peptide libraries, several recombinant DNA 
methods also have been reported. One type involves the display of a peptide sequence, antibody oi other protein on 
this surface of a bacteriophage particle oi cell Gerierally in these methods eacf-i bacteriophage particle or cell serves 
50 as an individual library member displaying a single species of displayed peptide in addition to the natural bactenopnage 
or cell protein sequences. Each bacteriophage or cell coniains the nucleotioe sequence information encoding the 
particular Displayed peptiae sequence; thus, the displayed peptiae sequence can be ascertained by nucleotide se- 
quence determination of an isolated library member, 

[0230] A well-known peptide display method involves the presentation of a peptide sequence on the surface of a 
55 filamentous bacteriophage, typically as a fusion with a bacteriophage coat protein The bacteriophage library can be 
incubated with an immobilized, predetermined macromolecule or small molecule (e.g.. a receptor) so that bacteri- 
ophage particles which present a peptide sequence that binds to the immobilized macromolecule can be differentially 
partitioned from those that do not present peptide sequences that bind to the predetermined macromolecule The 
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bactenoonage particles ( i e library/ members) which are bound to the immobiiized macromolecule are tner recovered 
ar^G ^ephcatea tc amplify tne selected bacteriophage subpopulation tor a suosequent round o- aff nity enrtcnm.en: arid 
phage replication After several rounds of affinity enrichment and phage replication the oaciencDhage library mennoers 
tna! are thus selected are isolated and the nuceotide sequence encooing the dispiayec peptide seouence is cete^- 
mined tnereoy laentiTyng the sequence(s) of peptides that bine to the predeterminec macromolecule (e g receptor^ 
Such methods are further described in ^CT patent publication Nos 91 17271 , 91 i5950 and 9Vl95l5 and 93.'05275 
[0231] The latter PC publication describes a recombinant DNA method for the disp ay of peptide Itgancs that in- 
volves tne oroduction of a library' of fusion proteins with each fusion protein composed of a first pQiypept.de poaton 
tyDicaliy comprising a variable sequence that is available for potential binding tc a predetermined macromolecule and 
a second polypeptide porlion that binds to DNA, such as the DNA vector encoding the individual fusion protein When 
transformed host ce Is are cultured under conditions that allow for expression of tne fusion protein the fusion protein 
bnds to the DNA vector encoding it. Upon lys:S of the nost cell, the fusion protein/vector DNA complexes can oe 
screened against a predetermined macromolecule in much the same way as bacteriophage particles are screened in 
the onage-based display system, with tne replication and secuencing of the DNA vectors in the selected fusion protein/ 
vector DNA complexes serving as tne oasis for identification of the selected library peptide sequence(s) 
[0232] Other systems for generating libraries of oeptides and like polymers have aspects of both the recombinant 
and £1 vitro chemical synthesis metnods. In these hybrid methods cell-free enzymatic machinery is emiployed to ac- 
complish the in vitro synthesis of the library members (i.e , peptides or polynucleotides) In one type of method. RNA 
molecules with the ability to bind a predetermined protein or a predetermined dye molecule were selected by alternate 
rounds of selection and PGR amplification (Tuerk and Gold (1990) Science 249 5C5, Ellnglon and S/oslak .1990) 
Nature 346 816) A simiiai tectmique was used to identify DNA sequences which bind a pi euetermmed human tian- 
scnption factor (Thiesen and 3ach f1 990) Nucleic Acids Res 18: 3203; Beaud'y and Joyce (1 992) Science 257 635 
PCT patent publication Nos. 92/05256 and 92/14843) In a similar fashion, the technique of m vitro tfansla:ion nas 
been used to synthesi?e proteins of interest and has been proposed as a m-etnoo for generating large Itbranes of 
peptides These methods which rely upon _tn vitro translation generally comprising stabili-cd polysome complexes, 
are described further :n PCT patent publication Nos B6/08455, 90/05735, 90/07003. 91/02076, 91/05058, and 
92/02536. Applicants have described methods in which library members comprise a fusion protein having a first 
polypeptide portion with DNA binding activity and a second poiyoeptide portion having tne library member unique 
peptide sequence such methods are suitable for use m cell-free in vitro selection formats among others 
[0233] A variation of the method is recursive sequence recombination performed by inlron-based recombination, 
wherein the sequences to be recombined are present as exons (e g., in the form o^ exons v/hether naturally occurring 
or artificial) which may share substantial, little, or no sequence identity and which are separated by one or more introns 
(which may be naturally occurring intronic sequences or not) which share sufficient seauence identity lo support ho- 
mologous recombination between inlrons. For example but not limitation, a population of polynucleotides comprises 
library members wherein each library member has one or more copies of a first set of exons linked via a first set of 
inirons to one or more copies of a second set of exons linked via a second set of introns to one or more copies of a 
third set of exons. Each of the members of the first set of exons may share substantiaL little or no sequence identity 
with each other or with members of the second or third sets of exons Similarly, each of the members of the second 
set of exons may share substantial, little, or no seauence identity with each other or with members of the first or third 
sots of exons. Similarly, each of the members of the third set of exons may share substantial little, or no sequence 
identity with each other or wi:h members of the first or second sets of exons. Each of the members of the each set 
(first, second, third, etc ) of introns shares sufficient sequence identity with the other members of tne set to support 
recombination (homologous or site-specific recombination including restriction site-mediated recombination) between 
miembers of the same intron set. but typically not with mem^be^s of other intrcn sets te g. the second or tnird sets), 
such that mtra-set recombmaiior between introns of the library members occurs and generates a pool o* recombined 
horary members wherein the first set of exons. second set of exons, and third set of exons are effectively shuffled wi:h 
e.-ich other 

[0234] The displayed pepliae sequences can be ol varying lerngths. lypically \'om 3-50C0 am no acids long O' longer 
fiequernlly fiorn 5-100 amrio acids lof^g, anc often from about 8-15 amno acids long A lioiaiy can comprise libiary 
miembers hav-ng varying lengths o' displayed peptide sequence or may comprise library m^embers having a fixed 
lengtn of displayed peptide sequence Portions or all of the dispiayec peptide sequenceis) can be random pseudor- 
andom denned set kerna: fixed or the like Tne present display methods include methods for in vit^o anc in vivo 
atsplay ot stnglc-chain antibcdtcc such as nascent scEv on polysomes or scFv displayed on pnaqc whicr enable 
la-OG-scale screening of scrv libraries having broad diversity o'' vanaole region sequences and binoinc specificnes 
[0235] The present invention also provides random pseudo^anaom, and defined seauence framework oeptide h- 
braries and methods for generating and screening those libranes to identify useful compojnds < e g peptioes including 
singie-cnain antibodies) thai bind tc receptor molecules or epitopes of interest or gene prooucts that monity peptioes 
o^ RNA in a desired fashion The random pseudo-anoom. anc aefmed sequence framework peptides are o^oduced 
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from libraries of peptide library members that comprise displayed peptides or displayed stngle-chain antibodies at- 
tached to a polynucleotide template from which the displayed peptide was synthesized The mode of attachment may 
vary according to the specific embodiment of the invention selected, and can include encapsidation in a phage particle 
or incorporation in a cell 

s [0236] A method of affinity enrichment allows a very large library of peptides and single-chain antibodies to be 
screened and the polynucleotide sequence encoding the desired peptide(s) or single-chain antibodies to be selected 
The pool of polynucleotides can then be isolated and shuffled to recombine combinatorially the ammo acid sequence 
of the selected peptide(s) (or predetermined portions thereof) or single-chain antibodies (or just Vh- Vl, or CDR portions 
thereof) Using these methods, one can identify a peptide or single-chain antibody as having a desired binding affinity 

10 for a molecule and can exploit the process of shuffling to converge rapidly to a desired high-affinity peptide or scFv. 
The peptide or antibody can then be synthesized in bulk by conventional nneans lor any suitable use (e g., as a ther- 
apeutic or diagnostic agent). 

[0237] A significant advantage of the present invention is that no prior information regarding an expected ligand 
structure is required to isolate peptide ligands or antibodies of interest. The peptide identified can have biological 
?5 activity, which is meant to include at least specific binding affinity for a selected receptor molecule and, m some in- 
stances will further include the ability to block the binding of other compounds, to stimulate or inhibit metabolic path- 
ways, to act as a signal or messenger, to stimulate or inhibit cellular activity, and the like. 

[0238] The present invention also provides a method for shuffling a pool of polynucleotide sequences selected by 
affinity screening a library of polysomes displaying nascent peptides (including single-chain antibodies) for library mem- 
20 bers which bind lo a predetermined receptor (e.g., a mammalian proleinaceous receptor such as, for example, a pep- 
tidergic hormone receptor a cell surface receptoi, an intracellular protein which binds to othet protein(s) to form intra- 
cellular protein complexes such as heterodtmers and the fike) or epitope (e.g., an immobilized protein glycoprotein, 
oligosaccharide, and the like) 

[0239] Polynucleotide sequences selected in a first selection round (typically by affinity selection for binding to a 
25 receptor (eg , a ligand) by any of these methods arc pooled and the poo!(s) is/arc shuffled by in vitro and/or in vivo 
recombination to produce a shuffled pool comprising a population of recombined selected polynucleotide sequences. 
The recomoined selected polynucleotide sequences are subjected to at least one subsequent selection round. The 
polynucleotide sequences selected in the subsequent selection round(s) can be used directly (as a pool or in individual 
clones), sequenced and/or subjected to one or more additional rounds of shuffling and subsequent selection Selected 
30 sequences can also be backcrossed with polynucleotide sequences encoding neutral sequences (i e , having insub- 
stantial functional effect on binding), such as for example by backcrossing with a wild-type or naturally-occurring se- 
quence substantially identical to a selected sequence to produce native-like functional peptides, which may be less 
immunuywr lie Gerierally, during backcrossing subsequent selection is applied to retain the property of binding (or other 
desired selectable or screenable property or phenotype) to the predetermined receptor (ligand). Other properties are 
35 exemplified by the capacity to block a predetermined binding interaction (e.g., act as a partial or complete antagonist 
or competitive binding species) or to exhibit a catalytic function, or the like, among others. 

[0240] Prior to or concomitant with the shuffling of selected sequences, the sequences can be mutagenized. In one 
embodiment, selected library members are cloned in a prokaryotic vector (e.g., piasmid, phagemid, or bacteriophage) 
wherein a collection of individual colonies (or plaques) representing discrete library members are produced. Individual 

■^0 selected library members can then be manipulated (e.g., by site-directed mutagenesis, cassette mutagenesis, chemical 
mutagenesis, PGR mutagenesis, and the like) to generate a collection of library members representing a kernal of 
sequence diversity based on the sequence of the selected library member The sequence of an individual selected 
library member or pool can be m.anipulated to incorporate random mutation, pseudorandom mutation, defined kernal 
mutation (i e . comprising variant and invariant residue positions and/or comprising variant residue positions which can 
comprise a residue selected from a defined subset of ammo acid residues), codon-based mutation, and the like, either 
segmentally or over the entire length of the individual selected library member sequence The mutagenized selected 
library members are then shuffled by m viiro and/or in vivo recombinatorial shuffling as disclosed herein 
[0241] The invenlion also provides peptide libraries comprising a plurality of individual library memoers of the inven- 
tion wherein (1 ) each individual library member of said plurality comprises a sequence produced by shuffling of a pool 

50 of selected sequences, and (2) each individual library member comprises a variable peptide segment sequence or 
single-chain antibody segment sequence which is distinct from the variable peptide segment sequences or single- 
chain antibody sequences of other individual library members in said plurality (although some library members may 
be present in more than one copy per library due to uneven amplification, stochastic probability or the like) 
[0242] T-he invention also provides a product-by-process wherein selected polynucleotide sequences having (or 

5S encoding a peptide having) a predetermined binding specificity are formed by the process of; (1 ) screening a displayed 
peptide or displayed single-chain antibody library against a predetermined receptor (e g., ligand) or epitope (e g . an- 
tigen macromolecuie) and identifying and/or enriching library members which bind to the predetermined receptor or 
epitope to produce a pool of selected library members. (2) shuffling by recombination of the selected library members 
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iQr ampiified or c onsd cooies thereof; which binds the predetermined eoitope and has Deen therety isolated ar^d-or 
enricned from tne library tc generate ^ shuffled Horary and (3) screening the shuffled iior-^ry against the preaeiermined 
receotor le g ligandi or epiicpe fe g antigen macronoiecLlei and identifying and/or enncning shuffled liorarA^' mern- 
oe^s wh ch bind to the predetermined receptor or epitope to produce a pool of selected snuffled i orary memcers 

Antiboov Dispiay and Screening Methods 

[0243] The present method can be used to shuffie oy m vitro and/or in vivo recombination oy any of the disclosed 
methods and in any combination poiynucleotide sequences selectee by antibody display methods wherein an assc- 
'0 ciaied polynucleotide encodes a displayed antibody which is screened for a phenotype (e g.. lor affinity for bmoing a 
predetermined antigen fligand). 

[0244] Various molecular genetic approaches have oeen devised to capture the vast immunological repertoire rec- 
resented by the extremely large number of cistinct variable regions which can be present in immunoglobulin chains 
The naturally-occurring germl ne immunoglobulin heavy chain locus is composed of separate tandem arrays of variable 

'5 (V) segment genes located upstream of a tandem array of diversity (D) segment genes, which are themselves located 
upstream of a tandem array o' joining (J) region genes, which are located upstream o' the constant fC|_| ■ region genes 
During B lymphocyte development, V-D J rearrangement occurs wherem a heavy chain variaoie region gene (V^) is 
formed by reaTangement to form a fused D-J segment followed by rearrangement with a V segment to form a V-D-J 
joined proQuct gene which, if productively rearranged, encodes a functional variab e region (V^) of a heavy cnan 

^0 Similarly lighl chain loc rearrange one of several V segments wilh one of several J segments lo form a gene encoding 
the vaiiabie region (V^) of a light chain 

[0245] The vast repertoire of variable regions possible in immunoglobulins derives in part from the numerous comi- 
binatonal possibilities o' joining V and J segments (and. in the case of neavy chain loci. C segments) during rearrange- 
ment in 3 cell deveiopmien: Adaitional sequence diversity in the heavy chain variable regions arises from non-uniform 
rearrangements of the D segments curing V-D-J joining and from N region addition. Further, antigcn-scicction of specific 
B ceil clones selects for higher affinity variants having nongermline mutations tn one or both of the heavy and lignt 
chair variaole regions, a phenomenon referred to as "affinity maturation' or "affinity sharpening" Tyoically. these "af- 
finity sharpening" mutations cluster in specific areas of the variable region most commonly in the connplementanty- 
determining regions (CDRs) 

30 [0246] In order :o overcome many of the limitations in producing and identifying high-aftinity immunoglooulins through 
antigen-stimuiated B cell development (i.e.. immunization), various prokaryotic expression systems have been devel- 
oped that can be manipulated to produce combinatorial antibody libraries which may be screened lor high-affinity 
antibodies lo specific antigens. Recent advances in the expresson of antibodies in Escherichia con and bacteriophage 
systems (see "Alternative Peotide Display Methods", infra) have raised the possibility that virtually any spec liicity can 

55 be obtained by either cioning antibody genes from characterized hybridomas or by de novo selection using antibody 
gene libraries (e g , from Ig cDNA) 

[0247] Combinatonal libraries of antibodies have been generated in bacteriophage lambda expression systems v;hich 
may be screened as bacteriophage plaques or as colonies of lysogens (Huse et al (1 939) Science 246 1 275. Caton 
and Koprowski (1 990) Proc Natl Acad Sci fU S.A.) B7: 645C. Mullinax et al (1990) Proc Natl Acad Sci S A ) 
^ 5095; Persson et ai. (1991) Proc. Natl. Acad Sci. (U S A) 8B 2432). Various embodiments of bacteriopnage 
antibody dispiay libraries and lambda phage expression libraries have been described (Kang et al (1991 ) Proc Natl 
Acad Sci fU S.A ) £5: 4363: Sfackson et ai (1991) Nature 352 : 624. McCafferly et al. (1990) Nature 348 552. Burton 
e:al (1 991) Proc. Natl Acad Sci ( U S A ) BS: 101 34, Hooqenboom et al (1 991 ) Nucleic Acids Res 19 4133 Chang 
e:al (^991) J Immunol 147 3610. Breitiinc et al (1991) Gene 104 147, Ma^ks et al (1991 ^ J Mol Biol 222 551 

-^^ Barbas et al (1992) Proc Natl Acad Sci (U S A ) 59 4457. HawKins and Winter (1992) J Immuncl 22 567. Marks 
et al (1 992) Biotechnology 10: 779 Marks et al (1992) J Biol Chem 267 16007: Lowman etal (1991 . Biochemistn/ 
30 10532 Lemer et al ( 1 992) Science 255: I3l3 incorporated herein by reference) Typically a bacteriophage an- 
lioody dispay libiary is sceened with a receplor (e g. polypeptide carbohydrate, clycopiotetn nucleic acid) that is 
irnmobil zed (e g . by covaient linkage lo a chior natogfaphy lestn to eniich foi reactive phage by affinity ct ifomatoyia- 

^0 pny) and/or labeled eg. to screen plaque or colony lifts i 

[0248] One particularly advantageous approach has been the use of so-called single-chain fragment vananie (s:;Fv) 
litr£ir!es 'Marks et al (1992) Biolechnoiocy 779: Winter G £:nd Mi stem C ( 1 99i ) \a:'jte 34 293 Clackson et al 
' '^^'^ '££_£ll MarkGctal :l99r j Moi Biol 222 55 1 . Cnaudhary ct al (1990 Proc Natl Acad Sci ^USA^57 11)55 
Chiswel etal ( 1 992) TI3TECH ^0 80 McCafterty et al (1 990j op cit and Huston el a: ; 1 988 ; Frpc Natl Acad Sd 

5^ i S A 1 8 5 5879 ) Various embodiments of scFv libranes displayed on bacteriophage coat pro:ein5 nave oeen aescrioed 
[0249] Beginning in 1958. single-chain analogues ot Fv fragmenrs and their fusion proteins nave ceen reliaciy gen- 
erated hy antioociy engineering methods The first step generally invo'ves oblaininc tne genes onrodna snd V^^ 
aom,ains witn desired b nd ng properties these V genes may be isolated from a soecific nybridona ceil line selected 
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from a combinatoriai V-gene library or made by V gene synthesis The single-chain Fv is formed by connecting the 
component V genes with an oligonucleotide that encodes an appropriately designed linker peptide, such as (Gly-Gly- 
Gly-Gly-Ser)3 or equivalent linker peptide(s). The linker bridges the C-terminus of the first V region and N-terminus of 
the second ordered as either VH-iinker-V|_ or VL-linker-V,^ In principle, the scFv binding site can faithfully replicate 

s both the affinity and specificity oi its parent antibody combining site 

[0250] Thus, scFv fragments are comprised of and domains linked into a single polypeptide chain by a flexible 
linker peptide After the scFv genes are assembled, they are cioned into a phagemid and expressed at the tip of the 
Ml 3 phage (or similar filamentous bacteriophage) as fusion proteins with the bacteriophage pill {gene 3) coat protein. 
Enriching tor phage expressing an antibody of interest is accomplished by panning the recombinant phage displaying 

10 a population scFv for binding to a predetermined epitope (e g , target antigen, receptor). 

[0251] The linked polynucleotide of a library member provides the basis for replication of the library member after a 
screening or selection procedure, and also provides the basis for the determination, by nucleotide sequencing, of the 
identity of the displayed peptide sequence or and amino acid sequence. The displayed peptide(s) or single- 
chain antibody (e.g. scFv) and/or its and domains or their CDRs can be cloned and expressed in a suitable 

IS expression system. Often polynucleotides encoding the isolated and domains will be ligated to polynucleotides 
encoding constant regions (Ch and Ci_) to form polynucleotides encoding complete antibodies {e g., chimeric or fully- 
human), antibody fragments, and the like Often polynucleotides encoding the isolated CDRs will be grafted into poly- 
nucleotides encoding a suitable variable region framework (and optionally constant regions) to form polynucleotides 
encoding complete antibodies (e.g. humanized or fully-human), antibody fragments, and the like Antibodies can be 

^0 used to isolate preparative quantilies of Ihe antigen by immunoaffiniLy chromatography. Various other uses of such 
antibodies are to diagnose and/oi stage disease (e g,, neoplasia), and for therapeutic application to treat disease, such 
as for example: neoplasia, autoimmune disease, AIDS, cardiovascular disease, infections, and the like. 
[0252] Various methods have been reported for increasing the combinatorial diversity of a scFv library to broaden 
the repertoire of binding species (idiotype spectrum). The use of PGR has permitted the variable regions to be rapidly 

25 cloned cither from a specific hybridoma source or as a gene library from non-immunizod cells, affording combinatorial 
diversity in the assortment of and Vl cassettes which can be combined. Furthermore, the V^ and V[_ cassettes can 
themselves be diversified, such as by random, pseudorandom, or directed mutagenesis. Typically, V^ and V[_ cassettes 
are diversified in or near the complementarity-determining regions (CDRs), often the third CDR, CDR3, Enzymatic 
inverse PGR mutagenesis has been shown to be a simple and reliable method for constructing relatively large libraries 

30 of scFv site-directed mutants (Stemmer et al (l 993) Biotechniques 14- 256), as has error-prone PGR and chemical 
mutagenesis (Deng et al. (1 994) J. Biol. Chem . 269- 9533). Riechmann et al. (1 993) Biochemistry 32: 8848 showed 
semirational design of an antibody scFv fragment using site-directed randomization by degenerate oligonucleotide 
PGR and 5 suDsequeni phage display of Irit; iet>ultani scF v mutarpts. Barbas ct al, (1992) op.c!t. attempted to circumvent 
the problem of limited repertoire sizes resulting from using biased variable region sequences by randomizing the se- 

35 quence in a synthetic CDR region of a human tetanus toxoid-binding Fab. 

[0253] CDR randomization has the potential to create approximately 1 x 1 0^o CDRs for the heavy chain CDR3 alone, 
and a roughly similar number of variants of the heavy chain CDR1 and CDR2, and light chain CDR1 -3 variants Taken 
individually or together the combinatorics of CDR randomization of heavy and/or light chains requires generating a 
prohibitive number of bacteriophage clones to produce a clone library representing all possible combinations, the vast 

-^0 majority of which will be non-binding. Generation of such large numbers of primary transformants is not feasible with 
current transformation technology and bacteriophage display systems. For example, Barbas et al. (1 992) op.cit . only 
generated 5x10^ transformants, which represents only a tiny fraction of the potential diversity of a library of thoroughly 
randomized CDRs, 

[0254] Despite these suDStantial limitations, bacteriophage display o1 scFv has already yielded a variety of useful 
-^5 antibodies and antibody fusion proteins A bispecific single chain antibody has been shown to mediate efficient tumor 
cell lysis (Gruber et al (1 994) J Immunol . 1 52 : 5368). Intracellular expression of an anti-Rev scFv has been shown 
to inhibit H!V-1 virus replication \n vitro (Duan et al (1 994) Proc. Natl Acad Sci (USA) 91 : 5075), and intracellular 
expression of an anti-p2V^= scFv fias been shown to inhibit meiotic maturation of Xenopus oocyles (Biocca et al. 
(1993) Biochern Bioptiys Res. ComiTiun . 197. 422 Recombinarit scFv which can be used to diagnose HIV infection 
50 have also been reported, demonstrating the diagnostic utility of scFv (Lilley et al, (1994) J. Immunol. tVleth . 1 71 : 211 ) 
Fusion proteins wherein an scFv is linked lo a second polypeptide, such as a toxin or fibrinolytic activato' protein, have 
also been reported (Holvost et al. (1992) Eur J Biochem . 210 : 945: Nicholls et al. (1993) J Biol Chem 268 5302). 
[0255] If It wore possible to generate scFv libraries having broader antibody diversity and overcoming many of the 
limitations of conventional CDR mutagenesis and randomization methods which can cover only a very tiny fraction of 
55 the potential sequence combinations, the number and quality of scFv antibodies suitable for therapeutic and diagnostic 
use could be vastly improved To address th s the in vitro and in vivo shuffling methods of the invention are used to 
recombine CDRs which have been obtained (typically via PGR amplification or cloning) from nucleic acids obtained 
from selected displayed antibodies Such displayed antibodies can be displayed on cells, on bacteriophage particles, 
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on poiysDmes or any suitable antibody display system wherein the antibody s associated witr its encocing nucieic 
ricid's : n ^ variation ine CDRs are nit lally obtained from nnRNA (O' cDNA) f ron^ antibody -producing cells le g piasnna 
cells SDlenocyies frcn^^ an 'nnr^unized wild-type mouse a human or a transgenic mouse caoaoie ot msKing a numan 
anticooy as in W092'03915 W093. 12227 and W094/25555) including hycndomas derived tneret^om 
[0256] Polynucleotide sequences selected in a first selection round (typically by aftinity selection for displayed an:t- 
oocy cindinq to an antigen (e g a iigandi by any of these methods are pooied and the oool's'i is'are snuffied oy ^n 
vitro and'or in vivo recombination especially shuffling of CDRs 'typicaity shuffling heavy chain CDRs wi:n other heavy 
chair CDRs and ligni chain CDRs Vv^ith other light chain CDRs) to produce a shuffled pool compr'smg a popu ation of 
recombined selected polynucleotide sequences The recombined selected polynucleotide seauences are exoressed 
m a selection normal as a displayed antibody and subjected to at least one subsequent seleciior round The polynu- 
cleotide sequences selected in the subsequent selection round(s) can be usee directly sequenced and/o^ subjected 
to one or more additional rounds of shuffling and subsequent selection until an antibody of the desired binding affinity 
s obtained Selected sequences can also be backcrossed with polynucleotide sequences encocing neutral antibody 
vamework sequences n e . having insubstantial functional effect on antigen binding) such as for example by back- 
crossing with a human variable region framework to produce human-like sequence antibodies. Generally, during back- 
crossing subsequent selection is applied to retain the property of binding to the predetermined antigen 
[0257] Alternatively, or in combination with the noted variations, the valency ol the taigel epitope may be varied to 
control the average binding affinity of selected scFv library members. The target epitope can be bound to a surface or 
substrate at vary,ng densities such as by including a competitor epitope, by dilution, or by other method known to 
ihose in Ihe art A high density (vaiency) of prede;ermined epitope can be used to enrich lor scFv library members 
which nave relatively low affinity, whereas a low density (valency) can piefei entially enrich fo' highei affinity scFv libia^y 
members 

[0258] For generating diverse variable segments a collection of synthetic oligonucleotides encoding random pseu- 
oorandom or a oefined sequence kerna! set of peptide secuences can be inserted by hgalicn into a predetermined 
site (o g a CDR) S'miiarly. the sequence diversity of one or more CDRs of the singJc-cnain antibody casGCttc(S) can 
oe expanded by mutating the CDRts) with site-directed mutagenesis. CDR-replacement. and the like The resultant 
DNA molecules can be propagated in a host for cloning and amplification prior to shuffling, or can be used directly (i 
e may avoid loss of diversity which may occur upon propagation in a host celli and the selected library members 
subsequently shuffled 

[0259] Displayed peptide/polynucleotide complexes (library members) which encode a vanable segment peptide 
sequence of interest or a single-chain antibody of interest are selected from the library by an affinity enrichment tech- 
nique This IS accomplished by means of a immobilized macromoiecule or epitope specific for the peptide sequence 
of interest, such as a receptor, othe^ macromoiecule, or other epitope species. Repeating tne affinity selection proce- 
dure provides an enrichment of library members encoding the desired sequences, which may then be isolated for 
pooling and shuffling, for sequencing, and/or for further propagation and affinity enrichment 

[0260] The library members without the desired specificity are removed by washing The degree and stringency of 
washing required wilt be determined for each peptide sequence or single-chain antibody of interest and the immobilized 
predetermined macromoiecule or epitope. A certain degree of control can be exerted over the binding character, sties 
of the nascent peptide/DNA complexes recovered by adjusting the conaitions of the binding incubation and the suo- 
sequent washing The temperature, pH. ionic strength divalent cations concentration, and the volume and duration of 
tne washing will select for nascent peptide/DIMA complexes within particular ranges of affinity for the immobilized mac- 
romoiecule Selection based on slow dissociation rate, which is usually predictive of high affinity, is often the miost 
practical route. This may be done either by continued incubation in the oresence of a saturating amount of free pre- 
determtnec macromoiecule, or by increasing the volume, number, and length ot the washes ^n each case the rebinding 
ot dissociated nascent peptide/DNA or peptioe/RNA complex is prevented anc with increasing tine nascent oeptide/ 
DNA or peptide/RNA complexes of higher and higher affinity are recovered 

[0261] Additional modifications of the binding and washing procedures may be applied to find peptides with special 
cl laiaclenstics Tiie affinities of some peptides a'e dependent on ionic strength or catiofi concentiduon ~tiis is a useful 
characteristic for peptides that will be used in affinity pu- ification of various pioteins wlien gentle conditions foi reriioving 
the protein from the peptides are required 

[0262] One var ation involves the use of multiple bincinc targets (multiple epitope species multiple receptor species j 
such that a sc-v library can be simultaneously screened fo^ a muliiplicity of sc-v whicn have different binding 5peC:f 
icitics Given tnat the size of a scFv library often limits the diversity of DOtcntial gcFv scaucnccs tt is typically dcsrablc 
to uSG scFv libraries of as large a si._^e as possible The time and economic consiaerations ot generating a numter of 
vG^y large polysome scFv-display lioraries can become prohioittve To avoic 5 this substantial prooiem, miultiple pre- 
aeierminec epitope species (receptor species) can be concomitantly screened :n a single tiorary or sequential screen- 
ing against a OLJmber oi epitope species can be used In one vana'ior mul1;olG ta'-get epitope species each encoded 
on a separate bead (or subset of beads) can oe mixed and incubated witn a polysome-dispiay scFv library under 
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suitaDle binding conditions The collection of beads comprising multiple epitope species, can then be used to isolate, 
by affinity selection scFv library members Generally subsequent affinity screening rounds can include the same 
mixture of beads, subsets thereof, or beads containing only one or two individual epitope species. This approach affords 
efficient screening, and is compatible with laboratory automation, batch processing and high throughput screening 
methods 

[0263] A variety of techniques can be used in the present invention to diversify a peptide library or sinqle-chain 
antibody library, or to diversify, prior to or concomitant with shuffling, around variable segment peptides or V^, Vl, or 
CDRs found m early rounds of panning to have sufficient binding activity to the predetermined macronnolecule or 
epitope In one approach, the positive selected peptide/polynucleotide complexes (those identified in an early round 
of affinity enrichment) are sequenced to determine the identity of the active peptides. Oligonucleotides are then syn- 
thesized based on these active peptide sequences, employing a low level of all bases incorporated at each step to 
produce slight variations of the primary oligonucleotide sequences. This mixture of (slightly) degenerate oligonucle- 
otides IS then cloned into the variable segment sequences at the appropriate locations. This method produces sys- 
tematic, controlled variations of the starting peptide sequences, which can then be shuffled. It requires, however that 
individual positive nascent peptide/polynucleotide complexes be sequenced before mutagenesis, and thus is useful 
lor expanding the diversity of small numbers of recovered complexes and selecting variants having higher binding 
affinity and/or higher binding specificity. In a variation, mutagenic PGR amplification of positive selected peptide/poly- 
nucleotide complexes (especially ot the variable region sequences, the amplification products ot which are shuffled ]n 
vitro and/or in vivo and one or more additional rounds of screening is done prior to sequencing. The same general 
approach can be employed with single-chain antibodies in order lo expand the diversity and enhance Ihe binding 
aftinity/specificity, typically by diversifying CDRs or adjacent framework legions prior to or concomitant with shuffling. 
If desired, shuffling reactions can be spiked with mutagenic oligonucleotides capable of in vitro recombination with the 
selected library members. Thus, mixtures of synthetic oligonucleotides and PGR fragments (synthesized by error-prone 
or high-fidelity methods) can be added to the in vitro shuffling mix and be incorporated into resulting shuffled library 
members (shufflants). 

[0264] The present invention of shuffling enables the generation of a vast library of CDR-variant single-chain anti- 
bodies. One way to generate such antibodies is to insert synthetic CDRs into the single-chain antibody and/or CDR 
randomization prior to or concomitant with shuffling. The sequences of the synthetic CDR cassettes are selected by 
referring to known sequence data of human CDR and are selected in the discretion of the practitioner according to the 
following guidelines: synthetic CDRs will have at least 40 percent positional sequence identity to known CDR sequenc- 
es, and preferably will have at least 50 to 70 percent positional sequence identity to known CDR sequences. For 
example a collection of synthetic CDR sequences can be generated by synthesizing a collection of oligonucleotide 
sequences on the basis of naiuidliy-occurring hum.an CDR sequences listed in Kabat et al. (1 991) op cit. : the pool(s) 
of synthetic CDR sequences are calculated to encode CDR peptide sequences having at least 40 percent sequence 
identity to at least one known naturally-occurring human CDR sequence. Alternatively, a collection of naturally-occurring 
CDR sequences may be compared to generate consensus sequences so that ammo acids used at a residue position 
frequently (i.e., tn at least 5 percent of known CDR sequences) are incorporated into the synthetic CDRs at the corre- 
sponding posttion(s) Typically,, several (e.g. , 3 to about 50) known CDR sequences are compared and observed natural 
sequence variations between the known CDRs are tabulated, and a collection of oligonucleotides encoding CDR pep- 
tide sequences encompassing al! or most permutations of the observed natural sequence variations is synthesized. 
For example but not for limitation, if a collection of human V,_, CDR sequences have carboxy-terminal ammo acids 
which are either Tyr, Val. Phe. or Asp, then the pool(s) of synthetic CDR oligonucleotide sequences are designed to 
allow the carboxy-termtnal CDR residue to be any of these amino acids. In some embodiments, residues other than 
those which naturally-occur at a residue position tn the collection of CDR sequences are incorporated; conservative 
amino acid substitutions are frequently incorporated and up to 5 residue positions may be varied to incorporate non- 
conservative ammo acid substitutions as compared lo known naturally-occurring CDR sequences Such CDR sequenc- 
es can be used in primary library members (prior to first round screening) and/or can be used to spike in vitro shuffling 
reactions of selected library member sequences, ConsLruclion of such pools of defined and/oi degenerate sequences 
will be readily accomplished by those of oidinary skill in the art. 

[0265] The collection of synthetic CDR sequences comprises at least one member that is not Known to be a naturally- 
occurring CDR sequence. It is within the discretion of the practitioner to include or not include a portion of random or 
pseudorandom sequence corresponding to N region addition in the heavy chain CDR: the N region seauence ranges 
from 1 nucleotide to about 4 nucleotides occurring at V-D and D-J junctions. A collection of synthetic heavy chain CDR 
sequencescompnses at least about 100 unique CDR sequences, typically at least about 1 ,000 unique CDR sequences, 
preferably at least about 1 0.000 unique CDR sequences, frequently more than 50.000 unique CDR sequences; how- 
ever, usually not more tnan about 1x10^ unique CDR sequences are included in the collection, although occasionally 
1 X 1 to 1 X 10^ unique CDR sequences are present, especially if conservative amino acid substitutions are permitted 
at positions where the consen/ative amino acid substituent is not present or ts rare (t e . less than 0 1 percent) in that 
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pcsiton in naturaMy-occurnng human CD^s in general the number ol jnique CD^ sequences included in a library 
qenerally snouia no! exceed the exoectec numoer o! primary transformants in the library by more than a factor of 13 
Sucr singie-chain antibodies generally Dira to a preaetermined aniigen is g tne immunogen) with an affinity of sboat 
at least 1 x 1 0~ prelerably ^Mtn an aff^niiy oi arroj* a: leas: 5 x 10" ry^V mere oreferably with an affinity of at least 
1 X 1 3^ N/*' to 1 X 1 0" o" more sometimes ld to 1 x 10"'*^K/1'^ O' more. Frequently the predetermined antigen is a 
human protein sucr as 'or example a human ce I surface antigen ( e q CD4 CDS tL-2 receptor EGF recepto' PDGF 
receDtor) other hum;an biological macromolecule (e g Ihronbomodulin protein C carbohydrate antigen sialyl Lewis 
antigen, L-selectin j o^ nonhuman disease associated macromolecule ^ e g bacter al LPS. virion capsid protein or 
enve ope glycoprotein ^ and the 1 ke 

[0266] High affinity singie-chain antibocies of the desired specif city can be engineered anc expressed m a variety 
of systems For example scFv have beer produced in plants (Firek e! a (1 993) Plant Mol Biol 23: 361 ) and can be 
readily made in prokaryotic systems (Owens RJ and Young RJ (1994) J Immunol Meth. 169 149: Johnson S and 
Bird RE (1 991 ) Methods Enzymol 203 55) Furthermore the s ng e-cha:n antioodies can be used as a basis for con- 
structing whole antibodies or vanous fragments thereof 'Kettleborough et al (1 994'i Eur J Immunol 24 952) The 
vanaoie region encoding sequence may be isoated (e g., by PGR amplification or subcloning) and spliced to a se- 
quence encoding a desired human constant region to encode a human sequence antibody more suitable for human 
therapeutic uses where immunogemcity is preteraoly minimized The po!ynucleotide(s) having the resultant fully human 
encoding sequencefs) can be expressed in a host cell (e g . from an expression vector in a mammanan cell) and purified 
for pharmaceutical formulation 

[0267] The DNA expressior ccnslrucls wiil Lypically include an expression control DNA sequence operabiy linked lo 
the coding sequences, incluctnc naturally-associa'.ed oi heterologous piorrtotei legions Preferably, the expressiori 
control sequences will be eukaryotic promoter systems in vectors caoable of transforming or transfecting eukaryotic 
host cells Once the vecto' has been incorporated into the appropriate host the host is maintained under conditions 
suitaote for high level expression o- the nucleotioe sequences, ana tne collection and purification of the mutant "engi- 
neered" antibodies 

[0268] As stated previously, the DNA sequences will be exoressed in hosts after the sequences have been operabiy 
linked to an expression control sequence {i.e. positioned to ensure tne transcription and translation of the structural 
gene) These expression vectors are typical y rephcable in the host organisms either as episomes or as an integral 
part of the host chromosomal DNA Commonly expression vectors will contain se'ection markers e g . tetracycline or 
neomycin, lo permit detection of those cells transformed with the desired DNA sequences (see, e q , U S Patent 
4.704.362. which is incorporatec herein by reference) 

[0269] In addition to eukaryotic microorganisms such as yeast, mammalian tissue cell culture may a;so be used to 
produce the polypeptides of the present invention (see . Wmnacker, "From Genes to Clones " VCH Publishers. N Y., 
N.Y i'l957). which is incorporated herein by reference) Eukaryotic cells are actually preferred, because a number of 
suitable host ceil lines capable of secreting intact tmrnuhoglobulins have been developed in the art. and include the 
CHO ceil lines, vanous COS c:ell lines. HeLa cells, myeloma cell lines, etc. but preferably transformed B-cells or hy- 
bridomas Expression vectors for these cells can include expression control sequences, such as an origin of replication, 
a promoter an enhancer (Queen et a\ ("955) Immunol Rev . 59 49) and necessary processing information sites, 
such as ribosome binding sites. RNA splice sites, polyadenylation sites, and transcriptional terminator sequences 
Preferred expression control seauences are promoters derived from immunoglobulin genes, cytomegalovirus. SV40, 
Adenovirus. Bovine Papilloma Virus, and the like 

[0270] Eukaryotic DNA transcription car be increased by inseling an enhancer sequence into the vector Enhancers 
are cis-acting sequences of oetween 1 0 to 300bp that increase transcription by a promo:er. Enhancers can effectively 
increase transcription when either 5' or 3' to the transcrioiior unit They are also effective if located within an intron or 
within the coding sequence itself Typically, viral enhancers are used, including SV40 enhancers cytomegalovirus 
enhancers, polyoma enhancers and adenovirus enhancers Enhancer sequences from mammalian systems are also 
commonly jsed such as tne mouse immunoglobulin heavy chain enhancer 

[0271] Mdmaiaiian express on vecloi syslems wri also lyp caily include a selecLdble fiiarker gene Examples ol suit- 
able ma'kefs include the diliydi ofolate reductase gene 'DHFRi. the thymidine Mnasc- gene (TK) ot prokaryotic genes 
conferring drug resistance Thic *'irs: two miarker genes o'"efer the use ot mutant ceil lines tnal lack the ability to grow 
without the addition of thymidine to the grcv/th medium Transformed cells can tnen be identified by their ability to grow 
on non-supplemented media Examples of prokaryotic d'ug resistance genes usefu as markers include genes con- 
ferring resistance to G419 mycopncnolic acid and hyqromycin 

[0272] The vectors containing the DNA segments of interest can be transferred into the host coll by wel-known 
methods depenoinc on tne tvoe o1 ce luia^ hos: f^or exr.mpio ca cium chlonoe t-ansfection is commonly utilized for 
prokaryotic ceils wnereas caictum phosphate treatment lipofection or electroooration m.ay be usee tor other cellular 
hosts C'ther methocs used ic transform m,ammalian cells include :he use of Polybrene protoplast fusion liposomes 
eiect'Oporation. and micro njection . see generally SamLrook et ai . supra ) 
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[0273] Once expressed the antibodies individual mutated immunoglobulin chains, muiated antioody tragments. and 
other immunoglobulin polypeptides ot the invention can be purified according to standard procedures of the art includ- 
ing ammoniunn sulfate precipitation, fraction column chromatography, ge^ electrophoresis and the like (see generally . 
Scopes. R., Protein Purification. Spnnger-Verlag. N Y (1962)) Once purified, partially or to homogeneity as desired. 
5 the polypeptides may then be used therapeutically or in developing and performing assay procedures, immunofluo- 
rescent stainings, and the like (see, generally Immunological Methods Vols, I and II, Eds Lefkovits and Perms, Aca- 
demic Press. New York, N Y (1979 and 1981)). 

[0274] The antibodies generated by the method of the present invention can be used for diagnosis and therapy By 
way of illustration and not limitation, they can be used to treat cancer, autoimmune diseases or viral infections For 
10 treatment of cancer, the antibodies will typically bind to an antigen expressed preferentially on cancer cells, such as 
erbB-2, CEA, CD33, and many other antigens and binding members well known to those skilled in the art. 

Yeast Two-Hybrid Screening Assays 

75 [0275] Shuttling can also be used to recombinatonally diversify a pool of selected library members obtained by 
screening a two-hybrid screening system to identify library members which bind a predetermined polypeptide sequence. 
The selected library members are pooled and shuffled by in vitro and.^or in vivo recombination. The shuffled pool can 
then be screened in a yeast two hybrid system to select library members which bind said predetermined polypeptide 
sequence (eg., and SH2 domain) or which bind an alternate predetermined polypeptide sequence (eg,, an SH2domatn 

20 from another protein species). 

[0276] An approach to identifying polypeptide sequences wtiich bind to a predetermined polypeptide sequence has 
been to use a so-called "two-hybrid" system wherein the predetermined polypeptide sequence is present in a fusion 
protein (Chien et al. (1 991 ) Proc, Natl, Acad Sci. (USA ) B6: 957B) This approach identifies protein-protein interactions 
in vivo through reconstitution of a transcriptiona! activator (Fields S and Song O (1 989) Nature 340 : 245), the yeast 

25 Gal4 transcription protein. Typically the method is based on the properties of the yeast Gal4 protein, which consists 
of separable domains responsible for DNA-binding and transcriptional activation. Polynucleotides encoding two hybrid 
proteins, one consisting of the yeast Gal4 DNA-bindtng domain fused to a polypeptide sequence of a known protein 
and the other consisting of the Gal4 activation domain fused to a polypeptide sequence of a second protein, are con- 
structed and introduced into a yeast host cell Intermolecular binding between the two fusion proteins reconstitutes the 

30 Gal4 DNA-binding domain with the Gal4 activation domain, which leads to the transcriptional activation of a reporter 
gene (e g., lacZ, HISS) which is operably linked to a Gal4 binding site. Typically, the two-hybrid method is used to 
identify novel polypeptide sequences which interact with a known protein (Silver SC and Hunt SW (1993) Mol, Biol, 
Rep. 17 155: Durtee ei ai, (1993) Genes DcvcL 7: 555: Yang et al, (1992) Science 257: 680: Luban et al, (1993) Cell 
73: 1067: Hardy et al. (1992) Genes Devel 6: 801 : Bartel et al. (1993) Biotechniques 14 920: and Vojtek et al (1993) 

35 Cell 74. 205). However, variations of the two-hybrid method have been used to identity mutations ot a known protein 
that affect tts binding to a second known protein (Li B and Fields S (1993) FASEB J 7: 957: Lalo et al. (1993) Proc, 
Natl. Acad. Sci. (USA) 90. 5524: Jackson et a! (^993) Mol Cell. Biol. 13: 2899. and Madura etal. (1993) J. Biol. Cherry. 
268: 1 2046). Two-hybrid systems have also been used to identify interacting structural domains o' two known proteins 
(Bardwell et al. (1993) med. Microbiol, 8: 1177; Chakrabcrty et al, (1 992) J, Biol Chem. 267: 17498: Staudinger et al: 

-vo (1993) J. Biol. Chem 268: 4608: and Milne GT and Weaver DT (1993) Genes Devel . 7; 1755) or domains responsible 
for oligomerization ot a single protein (Iwabuchi etal (1 993) Oncogene 8: 1693: Bogerd et al (1993) J. V-rol , 67: 5030), 
Variations of two-hybrid systems have been used to study the in vivo activity of a proteolytic enzyme (Dasmahapatra 
etal, (1 992) Proc Natl Acad Sci. (USA) 89: 41 59) Alternatively an E. coli/BCCP interactive screening system (Ger- 
mino etal, (1993) Proc. Natl, Acad Sci. (US A, ' 90: 933: Guarente L (1993) Proc Natl, Acad. Sci. (US, A,) 90: 1639) 
can be used to identify interacting protein sequences (i.e.. protein sequences which heterodimenze or torm higher 
order heteromultimers) Sequences selected by a twohybrid system can be pooled and shuffled and introduced into a 
two-hybrid system for one or more subsequent rounds of screening to identify polypeptide sequences which bind to 
the hybrid conLaining the p; edelermined binding sequence The sequences thus identified can be compared to identify 
conser^sus sequence(s) and consensus sequence kernals. 

so 

Improvements/ Alternative Formats 
Additives 

55 [0277] In one aspect, the improved shuffling method includes the addition o^ at least one additive which enhances 
the rate or extent of reannealinq or recombination of related-sequence polynucleotides. In general, additives which 
increase hybrid stability of mismatched sequences can be used to enhance the frequency of generating substantially 
mutated librar/ members (i e having a greater mutational density) In addition to additives, modulation of the ionic 
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st^enqih \e g Na' and or K* lor concent -aiion > can moaulate the re alive stability of mismatched hybnds sjch that 
increased salt con -enlration car^ increase the frequency of mtsmatcnea nyorics and contnoute to formiation of liorarv 
msmoers having multiple m-uiaiions 

[0278] in an emDoaimen: the aaciitive is Doiyethyiene glyco) :PEG; tyoicaliy acaed to a snuffling reaction to a final 
concentration of C ' to 25 oercent o-^ten to a finai concertraticn of 2 5 tc 15 percent to a final concentration of about 
^0 oercent in an emDooiment tne adcitive is dextran sulfate typically added to a shjfflinq reaction to a final concen- 
tration of C 1 :o 25 oercen: often at about 10 percent ^n an emDodiment the acaitive is an agent which ^educes 
seauance specificity of reannealmg and promotes promiscuous hybridization and/or recQnbinat:on in vitro In an al- 
ternative embodiment tne aaditive is an agent which increases secuence specfficr.y of reannealmg and oromotes high 
fidelity hybridization and-'O^ recombination in vitro Other ong-cnam polymers which do not interfere with the reaction 
may also be used (e g polyvinytpy^rohdone. etc ) 

[0279] In one aspect, the improved snuffing method includes the additon of at least one additive which is a cationic 
detergent Examples of suitable cationic detergents include but are not limited to cetyltnmethylammonium bromide 
(CTAB) dodecyltrimethylammonium bromide (CTAB). and tetramethyiammoni um chloride (TMAC). and the like. 
[0280] In one aspect, the improved shuffling metfiod includes the addition of at least one addrtive which isa recombi- 
nogenic protein that calalzyes or ncn^catalytically enhances homologous pairing and/or strand exchange in vitro Ex- 
amples of suitable recombinogenic proteins include but are not hmitea to E. co// recA protein, the T4 uvsX protein, the 
reel protein from Ustilago maydis. other recA family recombinases from other species, single strand binaing protein 
(SS3) ribonucleoprotein At and the like Nucleases and proofreading polymerases are often included to improve the 
mainienance of 3' end inlegr.ly Each of Ihese orclein addnives can themselves be improved by multiple rounds of 
lecursive sequence i ecombiriatior i and selection and/oi scieening The invention embraces sucti impioved additives 
and their use to further enhance snuffling 

Recombinase Proteins 

[0281] Reccmbinsses are proteins that when included with an exogenous targeting polynucleotide, provide a meas- 
urable increase in the rocomb nation frequency and'or iocalL^ation freouency between the targeting polynucleotide and 
an GhdogenoLS predetermnned DNA sequence In the present ^nvent'on recombinase refers to a family of RecA-iike 
recombination proteins all having essentially all or most of the same functions particularly (i) the recombinase protein's 
ability to properly bind to and position targeting polynucleotides on their homologous targets and (ii) the ability of 
recombinase protein/targeting polynucleotide complexes to efficiently find and bind to complementary endogenous 
sequences The best characterized recA protein is from E colt, in addition to the wild-type protein a number of mutant 
recA-Nke proteins have been identified (e g recA503). Furthe' many organisms have recA-like recombinases with 
strand-transfer activities (e q , Fuqisawa et al., (1985) NucI Acids Res 13. 7473, Hsieh et al., H 9B6) Ce[l 44: S65: 
Hsieh et al.. (19S9) J Biol Chemi 254 5089 Fishel et al. (19B8) Proc Natl Acad Sci USA 85- 3683: Cassuto et al., 
(1957) Mol Gen Genet 238 1C: Ganea et al.. (.1957) Mol Cell Biol 7. 3124 Moore et al (1990) J Biol. Chemi 19: 
11108: Keene et al (1984) Nucl Acids Res 12 3057, Kimiec, (1984) Cold Spnnq Harbor Symp . 48:675, Kimeic, 
(1936) Cell 44_ 545: Kolodner et al. (1 987 ) Proc Natl Acad Sci U3A 84 -5560 Sugino et aL (19S5) Proc. Natl Acad 
Sci USA 85 3683. Habrookel al., (1989) J Biol. Chem 264: 21403 Eisen et al , (1988) Proc Natl Acad Sci USA 
85: 7481: McCarthy et al . (1988) Proc Natl Acad Sci USA 65: 5354. Lowenhaupt et al., :i989) J. Biol Chem 264- 
20558. which are incorporated herein by reference Examples of such recombinase proteins include, for example but 
not limitation: ^ecA recA803, uvsX. and other recA mutants and recA-iike recombinases (Roca, A.I (1 990) Crit Rev. 
Biochem Molec Biol 25 41 5) sepi (Kolodner et ai (1 967) Proc Natl Acad Sci lU.S A ) &4_ 5560: Tishkoff et al 
Molec Cel Biol 11 2593). RuvC (Dundercaie et al (1991) Nature 354 506). DST2 KEM1. XRN1 (Dykstra et al 
(1991) Molec Cell BiO' 1 1 2553) STPt/.'DSTi (Clark et al (1991) Molec Cel! Biol r 2576), HPP-1 (Moore et al 
(1991 ) Proc Natl Acad Sci (USA ) 88 9057) other eukaryotic recombinases (BiShop et al n 992) Cell 69_ 439 
Shinohara et al .1992) Cell 69 457) : incorporated herein oy reference RecA may be purified from E co// strains, 
SLC:h as E coil sliains JC12772 dr^d JC15359 (available Irom A J Cld'k and M Madiraju University of Califcrnid' 
Beikelev) Ttiese stiams coiitam ttie lecA coding sequences on a "runaway' -eplicating plasmid vectoi piesenl at a 
high copy number per cei Tne recA803 protein is a nign-activity mutant of wild-type recA The art teaches several 
examples of recombinase proteins, for example from Drosophila yeast p an! human and non-hum,an mammalian 
cells including proteins with biotogicai properties simi ar tc recA (i e recA-like recombinases) 

[0282] RccA protein is tvpicahy ootaincd from bacterial strains that overproduce the protein wilo-typc E coli rccA 
protein and mutant recA803 protein may be purified from such sfains Alternatively recA protein can also be pu-chased 
from fo-- example Pharmacia fPiscataway KJi 

[0283] RecA protein forms a n jcleoproteir tilament v^/hen it coats a smgle-stranded Dr^jA Ir th'S nucleoprotein fila- 
ment one monomer of recA protein is bouno :o anou* 3 nucleotides Tms property of recA tc coat single-stranded DNA 
IS essentially sequence indepenaent although particu ar sequences favor initial loading of recA onto a polynucieoliae 
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{eg., nuclealion sequences). The nucleoprotein fflament(s) can be formed on essentially any sequence-related 
polypeptide to be suftled and can be formed in cells (e g , bacterial, ye?ist. or mammalian cells), forming complexes 
with both single-stranded and double-stranded DNA. 

[0284] Site-specitic recombination can be used toaccompltsh recursive sequence recombination. Typically, sequenc- 
s es to be shuffled are flanked by one or more site-specific recombination sequences, such as for example a FLP re- 
combination target site (FRT) often consisting of the two inverted 13 base repeats and an 3 bp spacer (O'Gorman et 
al (1991) Science 251 : 1351: Parsons et al (1990) J. Biol Chem 255 4527: Amin et al. (1991) Mol. Cell. Biol. 11: 
4497, incorporated herein by reference) When FRT sequences are employed the FLP recombinase is typically also 
employed, either in vitro or expressed in a host cell wherein the sequences to be recombined are introduced or are 
70 already present. Alternatives to the FLP/FRT system include, but are not limited to, the cre/lox system of phage PI 
(Hoess and Abremski (1 965) J Mol Bioi . 181 : 351 ), the 7/6 resolvase (Steitz el al. (1 990) Quarterly Rev Biophys 23: 
205), the attB/attP systenn of >. (Nunes-Duby et al (1 987) Cell 50. 779), and like site-specific recombination systems 
from bacteriophages X, (t>BO, P22, P2. P4, P1 and other like site-specific recombination systems selected by the prac- 
tioner. Guidance regarding the integrase family of recombinases is found in Argos et al (1 966) EMBO J. 5: 433. in- 
7^ corporated herein by reference, 

Exonuclease 

[0285] In one aspect, the improved shuffling method includes the addition of at least one additive which is an enzyme 
20 having an exonuclease aclivily which is active al removing non-lemplated nucleotides introduced at 3' ends of product 
polynucleotides in shuffling amplification reactions catalyzed by a non-proofreading polymerase. An examples of a 
suitable enzyme having an exonuclease activity includes but is not limited to Pfu polymerase. Examples of exonucle- 

ases are: 

2S Bal31 

Bacteriophage Lambda exonuclease 

E. coli Exonuclease I 

E. coli Exonuclease 111 

E coli Exonuclease VII 
30 Bacteriophage T7 gene 6 

Stuttering 

[0286] In an aspect, the improved shuffling method comprises the modification wherein ai iedsi one cycic of amp'!- 
35 fication (i.e.. extension with a polymerase) of reannealed fragmented library member polynucleotides is conducted 
under conditions which produce a substantial fraction, typically at least 20 percent or more, of incompletely extended 
amplification products. The amplification products, including the incompletely extended amplification products are de- 
natured and subjected to at least one additional cycle of reannealing and amplification. This variation, wherein at least 
one cycle of reannealing and amplification provides a substantial fraction of incompletely extended products, is termed 
■^0 "stuttering" and in the subsequent amplification round the incompletely extended products reanneal to and prime ex- 
tension on different seouence-reiated template species 

[0287] In an aspect, the improved shuffling method comprises the modification wherein at least one cycle of ampli- 
fication is conducted using a collection of overlapping single-stranded DNA fragments of varying lengths corresponding 
to a first polynucleotide species or set of related-sequence polynucleotide species wherein each overlapping fragment 

-^•5 can each hybridize to and prime polynucleotide chain extension from a second polynucleotide species serving as a 
template, thus forming sequence-recombtned polynucleotides, wherein said sequence-recombined polynucleotides 
comprise a portion of at least one first polynucleotide species with an adjacent portion of the second polynucleotide 
species which serves as d template In a vanalion, tfie second polynucleotide species serving as a lemplaLe contains 
uracil (i.e., a Kunkel-type template) and is substantially non-replicable in cells This aspect of the inverition can also 

■50 comprise at least two recursive cycles of this variation. In one embodiment, recursive cycles of shuffling using the 
method of Levitchkin et ai. ( 1 995) Mol Biol 29: 572. which produces partial extension PCR fragments is used to 
generate chimeras from a pool of parental sequences which are recursively shuffled 

[0288] In an aspect, the improved shuffling method comprises the modification wherein at least one cycle of ampli- 
fication IS conducted with an additive or polymerase in suitable conditions which promote template switching. In an 
55 embodiment v»/here Tag polymerase is employed for amplification, addition of recA or other polymerases enhances 
template switching Template-switching can also be increased by increasing the DNA template concentration among 
other means known by those skilled in the art 

[0289] In an embodiment of the general method, libraries of sequence-recombined polynucleotides are generated 
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from sequencG-relatea DOlynucieotiaes whicr are naturally-cccurnng genes or alleles of a gene In th^s aspect at least 
tnree n^turall^ -occurring genes Rndo^ aleies v;nicn corr.pr.se regions of at leas: 50 consecutive rucleotides v^hich 
nave at ^east 70 percent sequence identity oretereably at least 90 oercent sequence identity are selected from a pooi 
ot aene seauences sucn as dv nycnc se eciton or via ccmDutenzed seauence analysis using sequence data iorr, a 
5 daraoase ^he selected sequences are obtamec as pciynucleoiides either by ciontng or via DNA synthesis and snuf- 
fled Dy any of the various embocinnents o* the tnventicn 

[0290] In an emboaiment o' tne invention the method com.prises the turtner step of removing non-shuffled products 
leq parental seauencesi from sequence-recombined polynucleotides produced by any of the disclosed shuffling 
methods Non-shuffled products can be removed or avoidea by performing amplification v;ith (1) a first PGR primer 

^0 which hybridizes to a first parental polynucleotide species but does not suostantially hybridize to a second parental 
polynuc eo'.ide species, and i2) a second PGR primer wnich hybrdizes to a second parental polynucleotide species 
but does not substantially hybrid.ze to the first parental polynuc eotide species, such that amplification occurs on from 
templates comprising the portion of the first parental sequence which hybridizes to the fi^st PGR primer and also com- 
prising the portion of the second parental sequence wnicn hybridizes to the second PGR primer, thus only sequence- 

^5 recombtned polynucleotides are amplified 

[0291] In an embodiment of the invention, 'bridging" genes can be synthesized. It two or more parental polynucelo- 
tides (e g aenes) tack sa:istactory sequence simi arry for efficient homologous recomibmation or tor efttcient cross- 
pnming for PGR amplification iniermediate (or "bridging") genes can pe synthesized which share suffic ent sequence 
Identity with the parental sequences The bridging gene neeo not be active or confer a phenotype or selectable properly 

20 a need only provide a template having sufhcienl sequence idenlily to accomplish shuffling ol the parental sequences 
The intermediate homology of the btidging gene, and tfte necessary sequence(s) can be oetermined by coiriputer oi 
manually 

[0292] The invention also provides addltonai formats for performing recursive 'ecompination in vivo eiihe' in pro- 
c£;rvolic or eucaryotic cells These formats include 'ecomiDinution oeiween plasmids, recombination between viruses. 

25 recombination between plasmid and virus rccombtnauon between a chromiosomc and plasmid or virus and intramo- 
lecular recombination (e g between two sequences on a plasmid) Recursive recombination can be performed entirely 
tn VIVO whereby successive rounds of m vivo recombination are interspersed by rounds of selection or screening in 
wi/o formats can also be usee in combination with in v/fro formats For example, one can perform one round of tn vitro 
shuffling a round of selection a round of in uh^o shuffling a further round of selection a further round of in w7ro shuffling 

30 and a further round of selection and so fo^th The various in v/i/o form-als are now considered in turn 

(a) PlasmiG-Plasmid Recombination 

[0293] The initial substrates for recombination are a collection of polynucleotides comprising variant forms of a gene 
35 The variant forms usually show substantial sequence identity to each other sufficient :o allow homologous recombina- 
tion between substrates The diversity between the polynucteoiides can be natural (e g . allelic or soecies variants) 
induced {e g error-prone PGR synthetic genes, codon-usage altered sequence variants), or the result of in vitro 
recombination There should be at least sufficient diversity between substrates thai recombination can generate more 
diverse products than there are starting miateria s. There must be at least two substrates differing in at least two posi- 
^0 tions However commonly a libran/ of substrates of 10-^-10^ members is employed The degree of diversity depends 
on the length of the substrate being recombined and the extent of the functional change to be evolved. Diversity at 
between 0 1-25'^o of positions is typical 

[0294] The diverse substrates are incorporated into piasmids The plasmids are often standard cionmg vectors e 
g bacteria multicopy p^asmicis However in some methocs to be described below the plasmids include MOBlunctions 
The substrates can oe incorporated into tne same or different plasmids Often at least two different types of plasmid 
having different types cf selection marker are usee to allow selection for cells containing at least two types of vector 
Also where different types-of plasmid are employed tne different plasmids can come from two distinct incompatibility 
groups 10 allow stable co-existence of two dillerent plasmids wilhm the cell Neveitneless piasmids f'om the st^rne 
incoiTipatib lity group can stilt co^exist within the 5 sa-ne cell for sufficient tinie to allow homologous i ecotrtbir .ation lo 

50 OCCU' 

[0295] Plasmids containing diverse substrates a^e initially introduced into cells by any t^ansfection methods 'C g 
cnemicFjl transformatio--' natura competence transduction electroooration or Oio isttcs) Often the plasmids a^e 
present at or near saluraling concentration fv/ith rcspoct to maximum transfoction capacity; to inccasc the probability 
of more than one plasmid enterr:g the same cell 
5- The plasmips coniainina tne various substrates car be transfec:ed simultaneously or in muliple rounds For example 
in the latter approach celis can be trarsfected with a n-s: aliquot plasmid transfectants se ected and propagated 
and fnen intectec with a second aliqLJOl of plasmid 

[0296] Having introduced the plasmids into ceils recomoination between substrates to generate recombinant genes 
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occurs within cells containing multiple difterent plasmids nnerely by propagating the cells However, cells that receive 
only one plasmid are less able to participate in recombinaHon and the potential contribution of substrates on such 
plasmids to evolution is wasted. The rate of evolution can be increased by allowing all substrates to participate in 
recombination. Such can be achieved by subjecting transtected cells to electroporation The conditions for electropo- 

5 ration are the same as those conventionally used for introducing exogenous DNA into cells (e.g., 1.000-2.500 volts, 
400 laF and a 1-2 mM gap). Under these conditions, plasmids are exchanged between cells allowing all substrates to 
participate in recombination in addition the products of recomoination can undergo further rounds of recombination 
with each other or with the original substrate The rate of evolution can also be increased by use of conjugative transfer 
To exploit conjugative transfer substrates can be cloned into plasmids having MOB genes and tra genes are also 

TO provided in cis or in trans to the MOB genes. The effect of conjugative transfer is very similar to electroporation in that 
It allows plasmids to move between cells and allows recombination between any substrate, and the products of previous 
recombination to occur merely by propagating the culture The details of how conjugative transfer is exploited in these 
vectors are discussed in more detail below The rate of evolution can also be increased by use of mutator host ceils 
(e g., Mut L, S, D, T H; human ataxia telengiectasia cells), 

^5 [0297] The tinne for which cells are propagated and recombination is allowed to occur of course, varies with the cell 
type but IS generally not critical, because even a small degree of recombination can substantially increase diversity 
relative to the starting materials, Celts bearing plasmids containing recombined genes are subject to screening or 
selection for a desired function. For example, if the substrate oeing evolved contains a drug resistance gene one would 
select for drug resistance. Cells surviving screening or selection can be subjected to one or more rounds of screening/ 

20 selection followed by recombtnalion or can be subjected directly to an additional round of recombination, 

[0298] The next round of recombination can be achieved by several different formats independently of the previous 
round. For example, a further round of recombination can be effected simply by resuming the electroporation or con- 
jugation-mediated intercellular transfer of olasmids described above. Alternatively a fresh substrate or substrates, the 
same or different from previous substrates, can be transfected into cells sun/iving selection/screening Optionally, the 

-5 new substrates arc included in plasmid vectors bearing a different selective marker and/or from a diffcrcnf incompat- 
ibility group than the original plasmids As a further alternative, cells surviving selection/screening can be subdivided 
into two subpopulations, plasmid DNA extracted from one subpopulation and transfected into the other where the 
substrates from the plasmids from the two subpopulations undergo a further round of recombination. In either of the 
latter two options, the rate of evolution can be increased by employing electroporation, conjugation or mutator cells, 

30 as described above In a still further variation, DNA from cells surviving screening/selection can be extracted and 
subjected to in vitro DNA shuffling, 

[0299] After the second round of recombination a second round of screening/selection is performed, preferably 
unaer condiiiorib of increased stringency !f dAstred further rounds of recombination and selection/screening can be 
performed using the same strategy as for the second round With successive rounds of recombination ana seiection/ 

3S screening, the surviving recombined substrates evolve toward acquisition of a desired phenotype. Typically, in this and 
other methods of in vivo recursive recombination, the final product of recombination that has acquired the desired 
phenotype differs from starting substrates at 0.1%-25% of positions and has evolved at a rate orders of magnitude in 
excess (e.g.. by at least 10-fold, 100-fold, 1000-fold, or 10,000 fold) of the rate of naturally acquired mutation of about 
1 mutation per 1 0"^ positions per generation (see Anderson & Hughes. Proc. Natl. Acad. Sci. USA9^ 906-907 (1996)). 

40 [0300] Fig. 26 shows an exemplary scheme of plasmid-plasmid recombination Panel A of the figure shows a library 
of variant genes cloned into a plasmid. The library is then introduced into cells. Some cells take up a single plasmid 
and other cells take up two plasmids as shown in panel B. For cells having taken up two plasmids. the plasmids 
recombine to give the products shown in panel C. Plasmids can then be transferred between ceils by electroporation 
or conjugation as shown in panel D, and further recombination can occur to give the products shown in panel E, 

■^^ Screening/selection then isolates plasmids bearing genes that have evolved toward acquisition of the property that 
selection/screening is designed to identify. In the course of selection, a cell bearing two plasmids of which only one 
contributes to the selected phenotype, may lose the other plasmid, as shown in panel F 

fb) Vtrus-Plasmid Recombination 

50 

[0301] The strategy used for plasmid-plasmid recombination can also be used for virus-plasmid recombination: usu- 
ally, phage-plasmid recombination Hov^ever some additiona' comments particularto the use of viruses are appropriate. 
The initial substrates for recombination arc cloned into both plasmid and viral vectors. It is usually no- critical which 
subs:rate(s) are inserted into the viral vector and which into the plasmid. although usually the viral vector should contain 
55 different substrate(s') from the plasmid As before, the plasmid typically contains a selective marker The plasmid and 
viral vectors can both be introduced into cells by transfection as described above. However a more efficient procedure 
ts to transfecl the cells with plasmid selec: transfectants and infect the transfectants with virus Because the efficiency 
of infection of many viruses approaches 100°o of ceils, most cells transfected and infected by this route contain both 
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a oiasm a and virus oearing aitlerent sjDstrates 

[0302] Homologous recombination occurs oelween piasmid and virus generating octh recomoinea p.asmias and 
recomDtned virus For some viruses such as tiiamentous phage in wntcn intracellular DNA exists ir Dotn aoubie- 
stranoed and singie-stranded forms both can Da^tic:pa;e tn recombinalicr P^oviaed tra! ine virus i5 not one thai rapidiy 
kills cells recombination can oe augmented oy use of eiectrcooration or conjugation :o iransfe^ piasmids between 
cells Recombination can also be augmented tor some t/pes of virus by allowing the progeny virus from, one eel: to 
reinfect other cells For some types of virus, virus in'ecied-cells show 'esistance to supenm'ec'jon however such 
resistance car be overcome by infecting at high muftiplicity and/or using mutan: strains of the virus in which resistance 
to suoerinfection is reduced 

[0303] The result of infecting plasmid-containing cells witr virus deoends on the nature of tne virus Some viruses 
such as filamentous phage. s:ab;y exist w th a piasmic in the cell and also extrude progeny phage from the cell Other 
viruses, such as lamoda having a cosmid genome, stably exist in a cell like plasmids without producing progeny virions 
0:her viruses, such as the T-phage and lytic lambda, undergo recombination with the plasm. c but ultimately kill the 
host eel; and destroy plasmid DNA For viruses that infect cells without kilitng the host, cells containing recombinant 
plasnids and virus can be 5 screened/selected using the sarie approach as for plasmid-olasm^d recombination Prog- 
eny virus extruded by cells sunu^iving selection/scresning can also oe collected and used as SLbs:rates in subseguent 
rounds of recombination. For viruses that kill their host cells recombinant genes resulting from recombination reside 
only n the progeny virus i the screening or selective assay requ res express on of recombinant genes in a cell, the 
recombinant genes should be transferred Irom the progeny virus to another vector, e g a ptasmid vector and retrans- 
fecled into cells before selechon/screening is performed 

[0304] For fildmentous phage the pioducts of recombination are piesent in ootfi cells surviving i econnbinaiion and 
in phage extruded from these cells The dual source of recombtran* products provides some additional options relative 
to the plasmid-plasmid recombination. For example. DNA can be isoiatoa from phage partic'cs tc^ use n a round of tn 
vilro recombination Alternatively, the progeny phage can be used to transfect or infect c:ell3 surviving a previous round 
of sc^ccning/scloction, or fresh cells transfcctcd with fresh substrates for recombination In an p^spcct the invention 
employs recombination between multiple single-siranded species such as single-stranded bacteriophages and/or 
phagemids 

[0305] Fig, 27 illustrates a scheme for virus-plasmid recombination Panel A shows a library of variant forms of gene 
cloned into plasmid and vira' vectors The plasmids are then introduced into cells as shown in panel B The viral 
genomes are packaged in vitro and used to infect the cells in panel B The viral genomes can undergo replication within 
the cell, as shown in panel C. The viral genomes undergo recombination with plasmid genomes generating the piasmid 
and viral forms shown in panel D 5 Both plasmids and vira: genomes can undergo further rounds of replication and 
recombination generating the structures shown -n panels E and F Screening/selection identifies cells containing plas- 
mid and/or viral genomes naving genes that have evolved best to allow survival of the cell in the screening/selection 
process as shown in panel G. These viral genomes are also present in viruses extruded by such cells 

fci Virus-Virus Recombination 

[0306] The principles described for plasmid-plasmid and piasmid-viral recombnat on can be eppiiec to virus-virus 
recombination with a few modifications. The initial substrates for recombination are cloned into a viral vector Usually, 
the same vector is used for all substrates Preferably, the virus is one that, naturally or as a result of nutation does 
not kill cells After insertion, viral genomes are usually oackaged tn vitro. The packaged viruses are used to infect cells 
at high multiplicity such that there is a high probability that a cell will receive multiple viruses bearing different substrates 
[0307] After the initial round of infection, subsequent steps depend on the nature of infection as discussed in the 
previous section 

For example, if tne viruses have phagemid genomes such as lambda cosmids or IV' 3 Fi or Fd phagemids. the 
phagemids behave as plasmids within the cell and undergo recombination simply by propagating the cells Recombi- 
nation is paflicularly efficient between single-stranded foims of inLi acellulai DNA RecoTjbinaLion can be auarTienled 
by elect'Oporation of cells Followir-^g selection/sci eenttic cosriids contain ng lecormbinant genes cari be lecoveied 
from surviving ceils (e g by heat induction of a cos" lysogenic host ccW) repackagec in vitro, anc used to infect fresh 
cells at high m^ultipiicity for a further rounc of recombination 

[0308] If the viruses are filamentous phtige recombmat on of rco icnt'ng form DNA occurs by propagating the culture 
of infected colls Sctcction'scrccn ing identifies colonics of cells containing viral vectors having recombinant genes with 
improved procerties together with phage ex'.rudeo from such cells Subseguent opt ons a'e essentially the same as 
for ptasmtd-viral recombinaticn 

[0309] Fig 2? shews an example of virus-virus recomomation A horary of aiverse genes is cloned into a lambda 
cosmid The recombinant cosmid DNA is oackaged in vit'c and used to infect host cells a- nign multiplir^itity such that 
many cosmids bearing different inserts enter the same cell Tne celi chosen ts fi cos* lamoda iysogen, wnicn on irdu2- 
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lion packages ccsmid DNA without packaging lysogenic DNA Cosmids recombine within the cell Recombinatton can 
be accelerated by the use of host cells that are MutD MutS MutL and/or express a modified recA Induction of the 
lysogen results ir release of packaged recombinant cosmids, having greater diversity than the starting materials 

5 (d) Chromosome-Plasmid Recombination 

[0310] This format can be used to evolve both the chromosomal and plasmid-borne substrates The format is par- 
ticularly useful in situations in which many chromosomal genes contribute to a phenotype or one does not know the 
exact location of the chromosomal gene(s) to be evolved. The initial substrates tor recombination are cloned into a 

TO plasmtd vector. If the chromosomal gene(s) to be evolved are known, the substrates constitute a family of sequences 
showing a high degree of sequence identity but some divergence from the chromosomal gene. If the chromosomal 
genes to be evolved have not been located, the initial substrates usually constitute a library of DNA segments of which 
only a small number show sequence identity to the gene or gene(s) to be evolved. Divergence between plasmid-borne 
substrate and the chromosomal gene(s) can be induced by mutagenesis or by obtaining the plasmid-borne substrates 

75 from a different species than that of the cells bearing the chromosome. 

[0311] The plasmids bearing sjbstrates tor recombination are transfected into cells having chromosomal gene(s) to 
be evolved. Evolution can occur simply by propagating the culture, andean be accelerated by transferring plasmids 
between cells by conjugation or electroporation Evolution can be further accelerated by use of mutator host cells or 
by seeding a culture of nonmutator host cells being evolved with mutator host cells and inducing intercellular transfer 

20 of plasmids by elecLroporalion or conjugation. Preferably mutator host cells used for seeding conlain a negative se- 
lection markertofacilitate isolation of a pure culture of the nonmutator cells being evolved Selection/screening identifies 
cells bearing chromosomes and/or plasmids that have evolved toward acquisition of a desired function. 
[0312] Subsequent rounds of recombination and selection/screening proceed in similar fashion to those described 
for plasmid-plasmid recombination. For example, further recombination can be effected by propagating cells surviving 
recombination in combination with electroporation or conjugativc transfer of plasmids. Alternatively, plasmids bearing 
additional substrates for recombination can be introduced into the surviving cells. Preferably, such plasmids are from 
a different incompatibility group and bear a different selective marker than the original plasmids to allow selection for 
cells containing at least two different plasmids. As a further alternative, plasmid and/or chromosomal DMA can be 
isolated from a subpopulation of surviving cells and transfected into a second subpoputation Chromosomal DNA can 

30 be cloned into a plasmid vector before transfection 

[0313] Ftg. 29 illustrates a scheme for plasmid-chromosome shuffling Panel A shows variant forms of a gene cloned 
into a plasmid vector. The plasmids are introduced into cells as shown in panel G In the oeiis. the plasmids replicate 
and undergo recombination with a chromosomal copy of the gene, as shown in panel C. Exchange of plasmids between 
cells can be effected by electroporation or conjugation as shown in panel D The chromosomal genes in the two cells 

25 shown in panel D have evolved to different variant forms. Screening/selection identifies the cell bearing the chromo- 
somal gene that has evolved that has acquired a desired property that allows the cell to survive screening/selection, 
as shown in panel E, 

fe) Virus-Chromosome Recombination 

40 

[0314] As in the other methods described above the virus is usually one that does not kill the cells, and is often a 
phage or phagemid The procedure is substantially the same as for plasmid-chromosome recombination Substrates 
for recombination are cloned into the vector Vectors including the substrates can then be transfected into ceils or in 
vitro packaged and introduced into cells by infection Viral genomes recombine with host chromosomes merely by 
propagating a culture. Evolution can be accelerated by allowing intercellular transfer ot viral genomes by electropora- 
tion, or reinfection of cells by progeny virions. Screening/selection identifies cells having chromosomes and/or viral 
genomes that have evolved toward acquisition of a desired function 

[0315] There are seveial options for subsequent rounds of f ecombinaLion, For example, viral genomes can be Irans- 
fened between cells surviving selection/recombination by electioooration. Alternatively, viruses extiuded fioin cells 
50 surviving selection/screening can be pooled and used to supennfect the cells at high multiplicity Alternatively, fresh 
subslrates tor recombination can be introduced into the cells, either on plasmid o^ viral vectors 

c Evolution of Goncs by Conjugativo Transfer 

55 [0316] As noted above, the rate of in vfvo evolution of plasmids DNA can be accelerated by allowing transfer of 
plasmids between cells by conjugation. Conjugation is the transfer of DNA occurring ouring contact between cells See 
Guiney (1993) in Bacteria! Conjugatton (Clewell ed . Plenum Press New York) pp 75-104: Reimmann 8^ Haas in 
Bacterial Conjugation {CieweW. ed . Plenum Press, New "^ork 1993). at pp 137-13S (incorporated by reference in their 
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entirety for all ourposes) Conjugation occ jrs between many types of grann negative Dac:eria ana some types ot grann 
positve bacteria Conjugalive transfer s aisc known oetween oactena and plant ceiis . Agrccactenum tLnnefaciens Dr 
yeas: As discjssed in cooenaing appitcation attorney docket no 16528.-0" 461 2 the genes resconsible to^ con.uga- 
tive t-anster can thernselves be evolved to expand the range of eel: types le g fronn Daciena to nnannnais, oetween 
which such transler can occu' 

[0317] Conjuqative transfer is etiected by an onqm of transfer onT) anc fianKinq penes (MOB A B and C, and 1 5-25 
genes termed tra encoding the st'uctures and enzymes necessary fo^ conjugation to occu^ Tne transler origin is 
defined as the site required ir cis fcr CNA transfer Tra genes nciuae tra A B C D E G H ' J K L M N P Q. 
R S T U, V W X Y Z vir A3 (alleles 1-11 ) C D. E G IMF and FinOP CriT is sonnetinnes also aesignaied as a Va 
gene Other cellular enzymes, includirg tnose of the =iecBCD pathway RecA. S3B protein DNA gyrase DNA poll 
and DNA Hgase are also involved in conjugative transfer RecE or recF oathways can substitute for RecBGD 
[0318] The tra genes and MOB genes can be expressed m cis or trans to oriT Vectors undergoing conjugation also 
have an origin of replication which is classified as belonging to an incompatibiii:y group sucn as Inc A. B C. D. E F ■ I- 
VI). H (! Y;, I (1. 2. 5. ALPHA). J K. L. M, N, P (ALPHA. BETA. 1 ALPHA. 3. 7, 10. 13) Q. R fHl H2. H3) S. T U. W. 
X. 2 Only vectors from different incompatibility groups can stably co-extst in the same ce;l. However, when two vectors 
from the same incompatibility group are transfected irito the same cell the vectors transiently coextst for sufficient time 
that recombination can occur between the vectors 

[0319] One structural protein encoded oy a tra gene is tne sex pilus a filament constructed of an agg'egate of a 
single polypeptide protruding Vom the cell surface. The sex pilus binds to a polysacchanae on recioient cells and forms 
a conjugalive bridge through which DNA can transler This process activates a sile-specihc nuclease encoded by a 
MOB gene which specifically cleaves DNA to be transfeiied at onT The c eaved DNA is ttien tnieaded tliiough the 
cop'ugation bridge by the action of other tra enzymes. 

[0320] DNA is transferred more efficiently between cells when present as a component of the mobil.zable vector 
However some mobilizable vectors integrate into the hos: chromosome and thereby mobilize adjacent genes from the 
chromosome The F piasmid of E coli for example, integrates into the chromosome at hign frequency and mob lizcs 
genes unidirectional from the site of integration Other mobilizable vectors do not spontaneously integrate into a host 
chromosome at high efficiency but can be induced to do by growth under particular conditions (c g treatment with a 
mutagenic agent, grov^h at a nonpermtssive temperature for plasmid replication) See Reimann & Haas in Bacterial 
Conjugation {e6 Clewell, Plenum Press, NY 1993) On 6 

[0321] Conjugation provides a means of recomb;n;ng Gene(s) in vivolo generate diverse recombinant forms of the 
genefs). As in other methods of recursive recombination iterative cycles of recombination and selection/screening can 
be used to evolve the gene(s) toward acquisition of a new or improved property As in any methoc of recursive recom- 
bination the first step is to generate a library of diverse forms of the gene or genes to be evolved The diverse forms 
can be the result of natural diversity, the application of traditional mutagenesis methods (e.q,. error-prone PGR or 
cassette mutagenesis) or the resul: of any of the other recombination formats discussed in this application, or any 
combination o'* these. The number of diverse forms can vary widely from, about 10 to IOC, 10^. 10^ 10^- or 10^^ often, 
the gene(s: of interest are mutagenized as discrete units However, i' the location of gene s) is not known or a .arge 
number of genes are to be evolved simultaneously, iniual diversity can be generated oy in situ mutagenesis of a chro- 
mosome containing the geneis) 

[0322] The library of diverse forms o* a gene or cene(st is introduced into cells containing the apparatus necessary 
for conjugative transfer (assuming :ha' the library is rot already contained in such cells) usually ir an arrangement 
such that the genes can be expressed For example, if the gene(s) are mutagenized in the absence of essential reg- 
ulatory sequences such as promoter, these sequences are reattached before intrcduclicn into cells Similarly it a 
fragment o" a gene -s mutagenized in isolation the m:Utagenesis croducts are usually ^eassociated with unchanged 
flank ng sequences before being introauced into cells The apparatus necessary for conjugative transfer comprises a 
vector having an origin of transfer tcge:he' wth the mob and tra genes wnose expression is necessary for conjugative 
transfer to occur These genes can be included in the vector in one or more ditferen: vectors, or in the chromosome 
The library of diveise forms of the gene Lobe evolved is usually inserted inlo Uie veclor conlain ng [he ongir of liansfsi 
(see Fig 30i However in some situations the libiary of diveise foirns of the gene can be pieseni ir^ the ctMOtnosome 
or a second vector as vvel. as. or instead of in the vector containing \he origin of transfer The library of aiverse forms 
can be inserted in different places in differen: cells 

[0323] A vector bearing a library o1 variant forms contains at ieast one origin ol repticalion If transfer between different 
cell types IS contemplated the vector can contain two'orrgms of rcp-ication one functiona: m each cc! type (ic a 
shuttle vecior) Aiternative y if it ;s mtenaed tnat transferred genes shou d integrate mtc tne chromosome of recipient 
ce'ls It IS preferable that tne vector net contain ap origin of replication functional in the recipient cells e a suicide 
vector) The onT site and/or MOB genes can be introduced into a vec:or by cloning o' transposing the Rh;2.RP4 VIC3 
function (Gumey J Mol Biol :62 60g-703 ( 1 9.= 2 , ; or oy cointegrate form.ation wrh a r\/i03-containing piasmid A 
convenient method for targe plasmids is to use '~n5-Mob' which is the Tn5 transposon containing the oriT of RP4 For 
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example, pUC-like mobiltzable vectors pKIS and pK19 (Schafer et al. (1995) Gene 145:69-73) are suitable starting 
vectors for cloning the tra gene library to be evolved 

[0324] Although not necessary, recombination is sometinnes facilitated by inserting the diverse gene library into two 
different kinds of vectors having different incompatibilrty origins Each vector should have an oriT and the cell should 

s express MOB and tra functions suitable for nnobilization of both vectors Use of two such kinds of vectors allows stable 
coexistence of nnultiple vectors within the same cell and increases the efficiency of reconnbination between tne vectors 
[0325] The collection of cells is propagated in any suitable media to allow gene expression to occur Tra and mob 
genes are expressed and mediate transfer of the mobilizable vector between cells. If the diverse library is cloned into 
a mobilizable vector, its members are transferred as components of the vector If the diverse library, or certain elements 

TO of the library, are tn trans to the mobilizable vector, they are transferred only if the mobilizable vector integrates into or 
proximate to the elements. As discussed above, integration frequently occurs spontaneously for the E. coli F plasmid 
and can be induced tor other mobilizable vectors. 

[0326] As a result of transfer of members of the diverse library between cells, some of the cells come to contain more 
than one member of the diverse library. The multiple members undergo recombination within such cells generating still 
further diversity in a library of recombinant forms. In general, the longer cells are propagated the more recombinant 
forms are generated Generally, recombination results in more than one recombination product within the same cell. 
It both recombination products are on vectors and the vectors are from the same incompatibility group, one of the 
vectors Is lost as the cells are propagated. This process occurs faster if the cells are propagated on selective media 
in which one or other ot the recombinant products confers a selective advantage After a suitable period of recombi- 

20 nation, which depends on the cell type and its growth cycle time, the recombinant forms are subject to screening or 
selection. Because the lecombinant forms are already present in cells, this forrTiat for recombination is particularly 
amenable to alternation with cycles of in vivo screening or selection. The conditions for screening or selection, of 
course, depend on the property which it is desired that the gene(s) being evolved acquire or improve in. For example, 
if the property is drug resistance, recombinant forms having the best drug resistance can be selected by exposure to 

2S the drug, Altornatfvoiy, if a cluster of genes is being evolved to produce a drug as a secondary metabolite, cells bearing 
recombinant clusters of the genes can be screened by overlaying colonies of cell bearing recombinant cluster with a 
lawn of cells that are sensitive to the drug. Colonies having recombinant clusters resulting in production of the best 
drug are identified from holes in the lawn. If the gene being evolved confers enhanced growth characteristics, cells 
bGaring the best genes can be selected by growth competition Antibiotic production can be a growth rate advantage 

-30 if cells are competing with other ceil types for growth 

[0327] Screening/selection produces a subpopulation of cells expressing recombinant forms of gene{s) that nave 
evolved toward acquisition of a de.sired property These recombinant forms can Lhen by bubjecied lo funher rounas ot 
recombination and screening/selectton tn any order. For example, a second round of screening/selection can be per- 
formed analogous to the first resulting in greater enrichment for genes having evolved toward acquisition of the desired 

35 property. Optionally, the stringency of selection can be increased between rounds (e g, , if selecting for drug resistance, 
the concentration of drug in the media can be increased). Further rounds of recombination can also be performed by 
an analogous strategy to the first round generating further recombinant forms of the gene(s) Alternatively further 
rounds of recombination can be performed by any of the other molecular breeding formats discussed Eventually a 
recombinant form of the gene(s) is generated that has fully acquired the desired property 

40 [0328] Fig. 30 provides an example of how a drug resistance gene can be evolved by conjugative transfer Panel A 
shows a library of diverse genes cloned into a mobilizable vector bearing as oriT. The vectors are present in cells 
containing a second vector which provides tra functions. Conjugative transfer results in movement of the mobilizable 
vectors between ceils, such that different vectors bearing different variant forms of a gene occupy the same cell, as 
shown in panel B. The different forms of the gene recombineto give the products shown in panel C. After conjugation 
and recombination has proceeded for a desired time, cells are selected lo identify those containing the recombined 
genes, as shown in panel D. 

[0329] In one aspect the alternative shuffling method mcluoes the use of intra-plasmidic recombination, wherein 
libraries of sequence-recornbined polynucleotide sequences are obtained by genetic recombination in vivo of direct 
sequence lepeats located on the same plasmid. In a variation, the sequences to be recombined are flanked by site- 

^0 specific recombination sequences and the polynucleotides are present in a stte-specific recombination system, such 
as an integron (Hal! and Collins (1995) Mol. Microbiol . 1 5: 593. incorporated herein by reference). 
[0330] In an aspect of the invention, mutator strains of host cells are used to enhance recombination of more highly 
mismatched scqucncc-rclatcd polynucleotides. Bactcnats strains such as MutL MutS. or MutH or other colls express- 
ing the Mut proteins (XL-lred: Stratagene, San Diego. CA) can be used as host cells for shuffling of sequence-reiated 

55 polynucleotides by m vivo recomDination . Other mutation-prone host eel types can also be used, such as those having 
a proofreading-defective polymerase (Foster et al (1 995) Proc fvJatl. Acad Sci (U S A ) 92: 7951 . incorporated herein 
by reference) Other m vivo mutagenic formats can be employed, including adminstering chemical o^ radiological mu- 
tagens to host cells Examples of such mutagens include but are not limited to ENU, f^MNG, nitrosourea, BuDR, and 
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the ltK.e 

[0331] Shufthng can be jsed to evolve polynn9r;^ses capRDie ot incorporation c^ base an?^iogs tn ^CR or DCn-liK.e 
ampificaticn reactions A DNA poiymerase v;h!ch is evolvec to use Dase analogs can oe use^ tc copy DNA by -Cn 
in:o a chemical form which gives nore resotvabie fragmentation oanerns in mass spectrometry sucn as tor mass 
spec:romi9try DNA sequencing The base analogs can have fewer and or more tavoraoie fragmentation sites tc en- 
hance or facilr.ate tne interpretation of the mass spectrum patterns 

[0332] Variant polymerases can also be evolved by recursive seauence recomDination to incorporate non-natural 
nucleotides or nucleotide analogs such as phosphorothioate nucleotides Phosphorctnioaie nucleotides made with 
such variant polymerases can provide many uses ncluoing naked CNA gene therapy vectors whicn are 'esistant lo 
nuclease degradation Other examples of properties of polymerases wnich can be modified via recursive sequence 
recombination include but are not limited to processivity error rate, proofreading tnermal stability, oxidation resist- 
ance nucleotide preferences template specificity and the like, among ethers 

[0333] In an embodiment, fiuo^escence-activated cell sorting or analogous metnodology is used lo screen for host 
celis^ typically mammalian cel:S. insect cells, or bacterial cells, comprising a library member of a recursively recombined 
sequence library wherein the host ceV having a library member conferring a desired pnenotype can be selected on 
the basis ot fluorescence or optical density at one or more detection wavelengths tn one embodiment tor example, 
each library mem.ber tyoicaliy encodes an enzyme wnich may be secreted from the cell or m,ay be intracellular and 
the enzyme catalyzes conversion of a chromogenic or fluorogenic substrate which may be capable of diffusing into 
the host cell (e g . if said enzyme is not secreted) Host celts containing library memoers are contained m fluid drops 
or gel drops and oassed by a delecLion apparatus where the drops are illuminated with an excitation wavelength and 
a detector measures either fluoiescent emission wavelength ladiatiori and/or riieasuies op:ical density (absopticn) at 
one or more excitatory wavetength(s) The cells suspended in crops are passed across a sample detector under con- 
ditions wherein only about one individual ceil is present m a sample aeieclion zone at a time A source illuminates 
each cell and a detector typically a pnotomultiphe^ or photodiode detects emitted radiation Tne detector controls 
gating of the cell in tne detection zone into one of a plurality of sample colicction regions on the basis of the 3ignal(s) 
detected A general description of FACS apparatus and methods in orovided in U S Patents 4.172.227. 4 247 935; 
4 56:. 913; 4.667 530. 5,093 23-^: 5 094.940; and 5,144.224 incorporated herein by reference A suitaole alternative 
to convnetional FACS is available from One Cell Systems, Inc. Cambridge. MA 

[0334] As can be appreciated from the disclosure above the present invention has a wide variety of applications 
Accordingly, tne following examples are offered by way of illustration, not by way of limitation 

EXPERIMENTAL EXAMPLES 

[0335] in the examples below the followinq abbreviations have the following meanings If not defined below, then 
the abbreviations have their art recognized meanings 



ml = 


milliliter 


ul - 


microliters 


mM == 


micromoiar 


nM 


nanomolar 


PBS ^ 


phosphate buffered saline 


ng :r 


nanograms 


Mg - 


micrograms 


IPTG = 


isopropylthio-l:i-D-galactoside 


bp =: 


basepairs 


kb =: 


kilobasepairs 


dNTP = 


deoxynucleoside triphosphates 


PGR = 


polymerase chain lecicuon 


X-gai = 


5'biomo-4-chloio-3-indolyl-|5-D-yalactoside 


DNAsel ^ 


deoxyribonuc lease 


PBS - 


phosphate buffered saline 


CDR 


complementarity de:ermining regions 


MiC 


minimum inhibitofy concentration 


scFv = 


single-chain Fv fragmient an antibocy 



[0336] In general standard techniques of recomoination DNA tecnnology are descnced m various publications e 
q Samtarook et al 1 999 Molecular Clonnc A Laboratory Manual Cold Spring narbor Laooratory Ausubel et al 
19 = 7 Current Protocols ir Molecular Bio ogy. vols 1 and 2 anc supolements and Berger and Kimmel Me'nods ir 
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Enzymology Volunne 152 Guide to Molecular Cloning Techniques (1987), Academic Press, Inc. San Diego CA each 
of which IS incorporated herein in their entirety by reference Restriction enzymes and polynucleotide nnodifying en- 
zymes were used according to the manufacturers recommendations Oligonucleotides were synthesized on an Applied 
Biosystems Inc. Model 394 DNA synthesizer using ABI chemicals If desired PGR amplimers for amplifying a prede- 
5 termined DNA sequence may be selected at the discretion of the practitioner 

EXAMPLES 

Example 1 LacZ alpha gene reassembly 

10 

1) Substrate preparation 

[0337] The substrate for the reassembly reaction was the dsDNA polymerase chain reaction ("PGR") product of the 
wild-type LacZ alpha gene from pUGlS. (Fig. 2) (28: Gene Bank No. X02514) The primer sequences were 
15 5*AAAGGGTGGATTTTTGTGAT3' (SEQ ID NO:1) and 5'ATGGGGTTCCGGGCACATTT3' (SEQ ID NO:2). The free 
primers were removed from the PGR product by Wizard PGR prep {Promega, Madison WI) according to the manufac- 
turer's directions. The removal of the free primers was found to be important. 

2) DNAsel digestion 

20 

[0338] About 5 pg of the DNA substrate was digested with 0,15 units of DNAsel (Sigma, St. Louis MO) in 100 pi of 
[50 mM Tris-HGI pH 7.4, 1 mM MgClg], for 10-20 minutes at room temperature. The digested DNA was run on a 2% 
low melting point agarose gel Fragments of 1 0-70 basepairs (bp) were purified from the 2% low melting point agarose 
gels by electrophoresis onto DESI ion exchange paper (Whatman. Hillsborough OR). The DNA fragments were eluted 
^5 from the paper with 1 M NaCl and cthanol precipitated. 

3) DNA Reassembly 

[0339] The purified fragments were resuspended at a concentration of 1 0 - 30 ng/|.il in PGR Mix (0.2 mM each dNTP 
30 2 2 mM MgCl2, 50 mM KGI 10 mM Ths-HGI pH 9 0, 0 1%Tnton X-100. 0 3^1 Taq DNA polymerase, 50 pi total volume) 

No primers were added at this point. A reassembly program of 94°G for 60 seconds, 30-45 cycles of [94°C for 30 

seconds. 50-55° G for 30 seconds. 72° C for 30 seconds] and 5 minutes at 7P°G wg? used in an MJ Research (Watcrtcwn 

MA) PTC-150 thermocycler. The PGR reassembly of small fragments into larger sequences was followed by taking 

samples of the reaction after 25, 30, 35 ,40 and 45 cycles of reassembly (Fig 2). 
3S [0340] Whereas the reassembly of 100-200 bp fragments can yield a single PGR product of the correct size. 10-50 

base fragments typically yield some product of the correct size, as well as products of heterogeneous molecular weights. 

Most of this size heterogeneity appears to be due to single-stranded sequences at the ends of the products, since after 

restriction enzyme digestion a single band of the correct size is obtained. 

40 4) PGR with primers 

[0341] After dilution of the reassembly product into the PGR Mix with 0.8 uM of each of the above primers (SEQ ID 
Nos: 1 and 2) and about 15 cycles of PGR, each cycle consisting of [94°G for 30 seconds. 50°C for 30 seconds and 
72°C for 30 seconds], a single product of the correct size was obtained (Fig. 2). 

5) Gloning and analysis 

[0342] The PGR pioducl fforn step 4 above was digested with the terminal restriction enzymes BdmHl and Eco0^09 
and gel purified as described above tn step 2. Tlie reassembled fragments were ligated into pUGiS digested with 
50 BamHi and EccOlOQ. E. coli were transformed with the ligation mixture under standard conditions as recommended 
by the manufacturer (Stratagene. San Diego CA) and plated on agar plates having 1 00 ug/ml ampicilltn. 0 004°.o X-gal 
and 2mM IPTG The resulting colonies having the HinDWi Nhei fragment which is diagnostic for the recombinant 
were identified because they appeared blue. 

[0343] This Example illustrates that a 1 ,0 kb sequence carrying the LacZ alpha gene can be digested into 10-70 bp 
55 fragments, and that these gel purified 10-70 bp fragments can be reassemblea to a single product o' the correct size, 
such that S4°/c (N-377) of the resulting colonies are LacZ*^ (versus 94% without shuffling: Fig. 2). 
[0344] The DNA encoding ;he LacZ gene from the resulting LacZ' colonies was sequenced with a sequencing kit 
(United States Biochemical Go , Cleveland OH) according to the manufacturer's instructions and the genes were found 
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tramesntt:s 



TABLE 1 



Mutations introducec by Hnutagenic shuffling 


Transitions 


Freauency 


T^ansversions 


Frequency 


G - A 


6 


A - T 


1 


A - G 


4 


A - C 


2 


C • T 


7 


C - A 


1 


T - C 


3 


C - G 


0 






3 - C 


3 






G - T 


2 






T - A 


1 






T - G 


2 



[0345] A total cf 4 437 bases of snuffled lacZ DNA were sequenced 

[0346] The rate of point nnutagenesis dunng DNA reassembly fronn tO-70 bp pieces was determined from DNA se- 
20 quencing lo be 0 7 °o fN-4 473) which is similar to error-orone PGR Wilhoul being limited to any theory it is believed 
that \he rate of point mutagenesis may be lowe' if larger tiagments are used foi the reassembly oi if a piootieading 
polymerase is added 

[0347] When plasmid DNA from 14 of these point-miutated LacZ' colonies were combined and again reassemoled/ 
shuffied by the method described aoove. 34°o (\=:29l ) of the resulting colonies were LacZ*. and these colonies pre- 
2S sumably arose by recombination of the DNA from different colonics 

[0348] The expected rate of reversal of a single ooint mutation by error-prone PGR, assuming a mutagenesis ra:e 
of 0.7°o (10). would oe expected to be <1 °o. 

[0349] Thus large DNA sequences can be reassembiec from a random mixture of small fragments by a reaction that 
IS surprisingly efficient and simple One application of this technique is the recombination or shuffling of related se- 
30 quences based on homology 

Example 2 LacZ gene and wnole plasmid DNA shuffling 

1 ) LacZ qene shuffling 

35 

[0350] Crossover between two markers separated by 75 bases was measured using two LacZ gene constructs Stop 
codons were inserted in tv^o separate areas of the LacZ alpha gene to serve as negative markers. Each marker is a 
25 bp non-homologous sequence with four stop codons. of which two are in the LacZ gene reading frame. The 25 bp 
non-homologous sequence is indicated in Figure 3 by a targe box The stop codons are either boxed or underlined A 
■io 1 1 mixture of the two 1 0 kb LacZ templates containing the +- and -+ versions of the LacZ alpha gene ("ig 3) was 
digested with DNAsel and 100-200 bp 'ragments were purified as described in Example 1 . The shuffling program was 
conducted under conditions similar to those described fo^ reassembly in Example 1 except 0.5 pi of polymerase was 
added and the toial volume was 100 ul 

[0351] After cloning the number of blue colonies obtained was 24"o (N=386) which is close to the theoretical max- 
■^^ imum number of blue colonies (i e 25^d). indicating that recombination between the two markers was complete All of 
the 10 blue colonies contained the expected Hincf\\\-Nhe\ restriction fragment 

2) Wtiole piasmic DNA shulfiing 

^■0 [0352] Wnole 2 7 \b plasmids (pUC'5-+ and pUGlS-^-) were also tested A 1 1 mixture of tne two 2 9 kb plasrmids 
containing :he and versions of the LacZ aipha gene (Fic 3 was digested with DNAsei and 1 00-200 bp fragments 
were punfiea as aescribed in Examole 1 The shuffling prog'am was conducted under conditions similar to those de- 
Gcnbco for reassembly m step (i above except the orogram was for 60 cycles \9'^°C for 30 seconds ES^'C for 30 
seconds 72^0 for 30 seconds] Gei analysis showed tna: af:er the shuffling program most of the prcducl was greater 
than 20 '<.b Thus w^oie 2 ~ kb olasmids ip'JC ' c and p JC 1c +- were efficiently reassemoled from random 1 00-200 
be fragments without added primers 

[0353] After dicestion wi:h a restriction enzyme having a unique site on the plasmid {'EcoO^ 09 j most of the product 
cons sted of a single band of the expected size This band v/as gel purified, rengated and the DNA used to transform 
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E. coir The transformants were plated on 0,004% X-gal plates as described in Example 1 . 11 So (N:^ 32B) ot the resulting 
plasmids were blue f^nzi thus reconnbinants 

3) Spiked DNA Shuffling 

[0354] Oligonucleotides that are mixed into the shuffling mixture can be incorporated into the final product based on 
the homology of the flanking sequences of the oligonucleotide to the template DNA (Fig. 4) The LacZ- stop codon 
mutant (pUCl3 -+) described above was used as the DNAsel digested template A 66 mer oligonucleotide, including 
18 bases of homology to the wild-type LacZ gene at both ends was added into the reaction at a 4-fold molar excess 
to correct stop codon mutations present in the original gene. The shuffling reaction was conducted under conditions 
similar to those in step 2 above The resulting product was digested. Iigated and inserted into E. colias described above. 



Table 2 




% blue colonies 


Control 


0 0 (N>1000) 


Top strand spike 


e.o (N^ess) 


Bottom strand spike 


9.3 (N~620} 


Top and bottom strand spike 


2.1 (N:r537} 



[0355] ssDNA appeared to be more efficient than dsDNA, presumably due to competitive hybridization. The degree 
of incorporation can be varied over a wide range by adjusting the molar excess, annealing temperature, or the length 
of homology. 

Example 3 DNA reassembly in the coimplete absefice of primers 

[0356] Plasmid pUCIB was digested with restriction enzymes EcoRI, EccOl09. XmnI and AlwNl. yielding fragments 
of approximately 370. 460, 770 and 1080 bp. These fragments were electrophoresed and separately purified from a 
2^^ low melting point agarose gel (the 370 and 460 bascpair bands could not be separated), yielding a large fragment, 
a medium fragment and a mixture of two small fragments in 3 separate tubes. 

[0357] Each fragment was digested with DNAsel as described in Example 1, and fragments of 50-130 bp were 
pur;f;cd fromi a 2°'o low meiting point agarose ge! foi each ui the unyinai fragmenis. 

[0358] PGR mix (as aescribed in Example 1 above) was added to the purified digested fragments to a final concen- 
tration of 10 ng/|:il of fragments No primers were added A reassembly reaction was performed for 75 cycles [94°C for 
30 seconds, 60°C for 30 seconds] separately on each of the three digested DNA fragment mixtures, and the products 
were analyzed by agarose ge! electrophoresis 

[0359] The results clearly showed that the 1080. 770 and the 370 and 460 bp bands reformed efficiently from the 
purified fragments, demonstrating that shuffling does not reguire the use of any primers at all. 

Example 4 tL-1 [3 gene shuffling 

[0360] This example illustrates that crossovers based on homologies of less than 15 bases may be obtained. As an 
example, a human and a murine IL-1 15 gene were shuffled. 

[0361] A murine IL1 -|> gene (B3G49) and a human 1L1 -|3 gene with E. co// codon usage (BBG2; R&D Systems, inc.. 
Minneapolis MN) were used as templates in the shuffling reaction The areas of complete homology between the human 
and the murine IL-1 15 sequences are on average only 4 1 bases long (Fig 5. regions of heterology are boxed). 
[0362] Preparation of dsDNA PGR proGucts for each of the genes, removal of primers, DNAsel digestion and puri- 
fication ol 10-50 bp Iragments was simdlar to that described above in Example 1 . The sequences of the primers used 
in the PGR reaction were 5'TTAGGGACCCCAGGCT~T3' {SEQ ID NO:3) and 5'ATGTGCTGGAAGGCGATT3' (SEQ 
ID NO:4) 

[0363] The first 15 cycles of the shuffling reaction were performed with the Kienow fragment ot DNA polymerase I. 
adding 1 unit ot fresh enzyme at each cycle. The DNA was added Lo Ihe PGR mix ol Example 1 which mix lacked the 
poiymeiase The manual piogram was 9d^C foi 1 minute, and then 15 cycles of. [95"G foi 1 minute. 10 seconds on 
dry ice/ethanol (until frozen) incubate about 20 seconds at 25''C , add 1U of Kienow fragment and incubate at 25''C 
for 2 minutes] In each cycle after the denaturalion step, the tuoe was rapidly cooled in dry ice/ethanof and reheated 
to the annealing temperature. Then the heat-labile polymerase was added. The enzyme needs to be added at every 
cycle Using this approach, a high level of crossovers was obtained, based on only a few bases of uninterrupted ho- 
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moiogviFig 5 positions cf cross-overs indicated by- ' ""). 

[0364] Atier tnese ■ 5 nnanuni cycles Taq poiymer;=ise was adaed and an addilioral 22 cycies ot tne shuffling -eaction 
[9^^C fcr 3j seconds S^^'Z for 30 seconcs] witnott p^inners were performed 

[0365] ^ne reacticr^ was tnen dnutec 20-TOiG Tne foliowing prirr^ers were adaed tc a finai concen:ration of C 5 liM 
5'AACGCCGCATGCAAGCTTGGA^CC"rTATT3' (SEC ID NO 5) and 5'AAAGCCCTCTAG ATGATTACGAATTC ATAT3' 
: SEG C NO 6; and a PGR reaction was pertorn^.ed as descr bed aoove in Exannple 1 The second pnnner pair aifiered 
frorri the first pair only because a chan;5e in restriction sites was deemed necessary 

[0366] After digestion of the PGR product with Xba\ and Sphi, the fragments were ligated into Xtal-Sp/7l -digested 
pUCiS Tne sequences ot tne inserts from several colonies v^ere determined by a dideoxy DNA sequencing kit (United 
TO Stales Biochemical Co.. Cleveland OH) according to the manufacturer's mstructions 

[0367] A total of 1 7 crossovers were found by DNA sequencing o' nine colonies. Some of the crossovers were based 
on only 1-2 bases ot uninterrupted homology. 

[0368] It was found that to force etf.cient crossovers based on short homologies, a very ow effective annealing 
temperature is required With any heat-stable polymerase, the cocltng time of the PGR machine (94''C to 25°C at 1 -2 
TS degrees/second) causes the effective annealing temperature to be higher tnan the set annealing temperature Thus, 
none of the protocols based on 'aq polymerase yielded crossovers even when a ten-fold excess of one of the !L1 -B 
genes was used In contrast, a heat-labile polymerase, such as tne Klenow fragment of DNA polymerase I, can be 
used to accurately obtain a low annealing temperature 

20 Examples DMA shuffling of Ihe TEP^-1 belaiac.amase gene 

[0369] The utility of mutagenic DNA shuffling for directed molecular evolution was :esled in a betalaclamase model 
system "^EM-l belaaclamase is a very efficient enzyme, .im.tec in its ^eaction rate primarily by diffusion. This example 
determines whether it is possible to cnange its reaction soecificity and obtain resistance to the drug cefotaxime that it 
r5 norm^illy docs not hydroiyzc 

[0370] The minimum inhibitory cone ent ration (MIC) of cefotaxime on bacterial cells lacking a plasmid was determined 
by plating 10 ul of a 10'^ dilution of ar. overnight bactenal culture (about 1000 cfu) of E. co// XLl-blue cells (Stratagene. 
San Diego CA) on plates with varying levels of cefotaxime (Sigma, St Louis MO), followed by incubation for 24 hours 
at 37° C 

30 [0371] Growth on cefotaxime is sensitive to the density of cells, and therefore similar numbers of cells needed to be 
plated on each plate (ootained by plating on plain LB platesV Platings of ICOO cells were consistently performec. 

1) Initial Plasmid Construction 

3S [0372] A pUGl6 derivative carrying the bacterial TEM-1 betalactamase gene was used (26) The TEf^-1 betalacta- 
mase gene confers resistance to bacteria against approximately 0.02 pg/mt of cefotaxime Sfil restriction sites were 
added 5' of the promoter and 3' of the end of the gene by PGR of the vector sequence with two primers: 
Primer A ( SEQ ID NO;7): 5'TTCTATTGAC GGCC TGTC AGGCC TCATATATACTTTAGATTGATTT3' and Pr:mer B 
(SEQ ID NO: 8) : 5TTG ACGCACTGGCCATGGTGGCCAAAAATAAACAAATAGGGGTTCCGCGC ACATTT3' and by 

-^0 PGR of the betalactamase gene sequence with two other primers. 

Primer C (SEQ ID NO:9) 5' AACTGACCAC GGCC TG AC AGGCC GGTCTG AC AG^TACCAATGCTT. and 

Primer D (SEQ ID NO:^0) 5'AACCTGTCC TGGCC ACGAT GGCC TAAATACATTCAAATATGTAT 

[0373] The two reaction products were digested with Sfil, mixed ligated and used to transform bacteria 

[0374] The resulting plasmid was pUCI 52Sti This piasmid contains an S//1 fragment carrying the TEM-1 gene and 

-^^ the P-3 oromcter 

[0375] The minimum .nhibitory concentration of cefotaxime for E. coli XL1 -olue (Strata gene, San Diego CA) carr/ing 
this plasmid was 0 Q2 ug/nl after- 24 hours a: SV'O 

[0376] The dbilily lo improve the resistance of the betalaclamase gene lo cefotaxime without snuffling was deteimined 
by stepwise leplatmg ot a dilutee pool of cells (appiox ri-^iately 10" cfu) on 2-'olc increasing drug ieve s Resistance up 
so to 1 2c M9^f^' could be obtained ^yithout shuffling This represented a 64 fold increase in resistance 

2) DNAsel digestion 

[0377] The suostrate for the first shuffling reaction was dsDNA of 0 9 kb obtained by PGR of pUCl£2Sf; with prime's 
C ana C both of which conta n a S//1 site 

[0378] The free pr mers from the PGR proouct were removed by Wizard PGR prep (Promega Macison Vv/I , at every 
cycle 

[0379] About 5 iig of the DNA substrate? s'l was cigested with 0 15 units of DNAse! (Sigma St Lojis MO', m 100 jl 
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of 50 mM Tns-HC! pH 7 4, 1 mM MgCl2, for 10 mtn at room temperature. Fragments of 100-300 bp were purified from 
2% low melting point agarose gels by electrophoresis onto DE81 ion exchange paper (Whatman, Hillsborough OR) 
elution with 1 M IMaCI and ethanoi precipitation by the method described in Example 1. 

s 3) Gene shuffling 

[0380] The purified fragments were resuspended in PGR mix (0 2 mM each dNTP, 2.2 mM MgCI^, 50 mM KCI, 10 
mM Tris-HC! pH 9 0, 0 1% Triton X-100). at a concentration of 10-30 ng/)al. No prtmers were added at this point. A 
reassembly program of 94°C for 60 seconds then 40 cycles of [94°C for 30 seconds, 50-55°C for 30 seconds, 72°C 
10 for 30 seconds] and then 72°C for 5 minutes was used in an MJ Research (Watertown MA) PTC-150 thermocycler 

4) Amplification of Reassembly Product with primers 

[0381] After dilution of the reassembly product into the PGR mix with 0.8 laM of each primer (C and D) and 20 PGR 
75 cycles [94°C for 30 seconds, 50°G for 30 seconds, 72''G for 30 seconds] a single product 900 bp in size was obtained. 

5) Cloning and analysis 

[0382] After digestion of the 900 bp product with the terminal restriction enzyme Sfi\ and agarose gel purification, 
20 the 900 bp producl was ligaled inlo the vector pUC182Sri aL Ihe unique S//1 sile wilh T4 DNA ligase (BRL, Gailhersburg 
MD) The mixture was electroporated into E. co// XLI-blue cells and plated on LB plates with 0,32-0.64 pg/ml of cefo- 
taxime (Sigma, St. Louis MO), The cells were grown for up to 24 hours at 37°C and the resulting colonies were scraped 
off the plate as a pool and used as the PGR template for the next round of shuffling. 

2S 6) Subsequent Reassembly Rounds 

[0383] The transformants obtained after each of three rounds of shuffling were plated on increasing levels of cefo- 
taxime. The colonies (>100, to maintain diversity) from the plate with the highest level of cefotaxime were pooled and 
used as the template for the PGR reaction for the next round 
30 [0384] A mixture of the cefotaxime'' colonies obtained at 0 32-0 64 pg/ml in Step (5) above were used as the template 
for the next round of shuffling. 10 ul of cells in LB broth were used as the template in a reassembly program of 10 
minu!9£ at 99°C. then 35 cycles of [Qd°c for 30 seconds. 52°G for 30 seconds. 72°C for 30 seconds] and then 5 minutes 
at 72''G as described above. 

[0385] The reassembly products were digested and ligated into pUC182Sfi as described in step (5) above. The 
35 mixture was electroporated into E. co// XL1-blue cells and plated on LB plates having 5-10 |ig/ml of cefotaxime. 

[0386] Colonies obtained at 5-1 0 ug/ml were used for a third round similar to the first and second rounds except the 
cells were plated on LB plates having 60-160 pg/ml of cefotaxime. After the third round, colonies were obtained at 
BO-160 M9/nnl, and after replating on increasing concentrations of cefotaxime, colonies could be obtained at up to 320 
ug/ml after 24 hours at 37°C (M1C=320 yig/ml). 
40 [0387] Growth on cefotaxime is dependent on the cell density, requiring that all the MIGs be standardized (in our 
case to about 1 ,000 cells per plate). At higher cell densities growth at up to 1 280 pg/ml was obtained. The 5 largest 
colonies grown at 1 ,280 ug/ml were plated for single colonies twice, and the Sfil inserts were analyzed by restriction 
mapping of the colony PGR products. 

[0388] One mutant was obtained with a 16.000 told increased resistance to cefotaxime (MIG=0.02 ^ig/ml to MIG=320 
45 ^ig/ml). 

[0389] After selection, the plasmid of selected clones was transferred back into wild-type £. coll XLI-blue cells 
(Stratagene. San Diego GA) to ensure that none of the measured drug resistance was due to chromosomal mutations 
[0390] Three cycles of shuffling and selection yielded a 1 .6 x 1 0^-fold increase in the minimum inhibitory concentration 
of the extended broad spectrum antibiotic cefotaxime for tl"ie TEM-1 Detalactamase Iri conttast. repeated plating without 
50 shuffling resulted in only a IG-fold increase in resistance (error-prone PGR or cassette mutagenesis), 

7) Sequence analysis 

[0391] All 5 of the largest colonies grown at 1.230 M9/f^' had a restriction map identical to the wild-type TEM-1 
55 enzyme The Sfil insert of the plasmid obtained from one of these colonies was sequenced by dideoxy DNA sequencing 
(tJnited States Biochemical Co., Gleveland OH) according to the manufacturer's instructions. All the base numbers 
correspond to the revised pBR322 sequence (29). ana the ammo acid numbers correspond to the ABL standard num- 
bering scheme (30) The ammo actds ^re designated by their three letter codes and the nucleotides by their one letter 
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ccaes The term 342C5A means tnat nuc eonde 4205 was changed from gjanidine :o adenine 

[0392] Nine single case suDslitutions were lOL.nd G42C5A is ocated Detween the -35 and -10 sues of the Detaiacta- 
rr,3se P3 promoter ,3 : ' Tne promoter up-muiant ODservec by Chen and Clowes (31 ) is located ojis^de of the Sin 
fragment usee here and thus could not have been detected Four mutations were siien: (A36S9G G371 3A G3934A 
and T3959A) and ^ou' resulted in an ammo acid change fC3445T resulting in Gly23B3er A3615G resulting in 
MetlE2Tnr 03550'^ resulting in G1l104Lvs and G4107A resulting in AlalBVal) 

5 / Molecular Bac-^cross 



[0393] Molecular backcrossing with an excess of the wild-type DN A was then used in order to eliminate non-essential 
mutations 

[0394] Molecular backcrossing was conducted on a selected plasmid from the third round of DNA shuffling by the 
method identical :o normal shuffi ng as described above except that the DNAsel digestion and shuffling reaction were 
performed in the presence of a 40-fold excess of wild-type TEM-l gene fragment. To make the backcross more efficient, 
very small DNA fragments (33 to 100-op) were used in the shuffling reaction. The backcrossed mutants were again 
selected on LB plates with 60-160 i.:g/ml of cefotaxim.e (Sigma, St Louis MO) 

[0395] This backcross shuffling was repeated with DNA from colonies from the first backcross round in the presence 
of a 40-folc excess of wild-type TEM-1 DNA. Smar DNA fragments (30-1 00 bp) were used to increase the efficiency 
of the backcross. The second round of backcrossed mutants were again selected on L3 plates with 30-160 ug/ml of 
celolaxime 

[0396] The lesulting tiansformants weie platea on 160 ug/ml of cefotaxime and a pool of colonies was lepiated on 
increasing leveis of cefotaxime up to 1 ,2S0 ug/ml The largest colony obtained at 1 .230 ug/ml was replated for single 
colonies 

[0397] This oackcrossec mutant was 32. 000 fold more resistant than wild-type (M:C=640 Mg/ml) The mutant strain 
IS 64-fold more resistant to cefotaxime than previously rooortcd clinical cr engineered TEM-1 -derived strains Thus, it 
appears that DNA shuffling is a fast and powerful tool for at least several cycles of directed molecular evolution. 
[0398] The DNA sequence of the Sii\ inse-t of the backcrossed mutant was determined using a dideoxy DNA se- 
quencing kit (United States Biochemical Co.. Cleveland OH) according to the manufacturer's instructions (Table 3), 
The mutant had 9 single base pair mutations As expected all four of the previously identified silent mutations were 
lost, reverting to the sequence of the wild-type gene The promoter mutation (G4205A) as well as three of the four 
ammo acid mutations (Glul04Lys, M9tlS2Thr and Gly233Ser) remained in the backcrossed clone, suggesting that they 
are essential for high level cefotaxime resistance However, two new silent mutations (T3342C and A3767G), as well 
as three new mutations resulting in ammo acid changes were found (C3441T resulting in Arg24lHis, C3SB6T resulting 
in Gly92Ser, and G4035C resulting m Ala42Gly). While these two silent mutations do not affect the protem primary 
sequence, they may influence protein expression level (for example by mRNA structure) and possibly even protein 
folding (by changing the codon usage and therefore the pause site, which has been implicated in protein folding). 

Table 3 





Mutations in Betalactamese 


Mutation Type 


Non-Backcrossed 


Backcrossed 


amino acid 


Alal 5Lys 




change 


Glul04Lys 


Glul04Lvs 




Mel132Thr 


Metie2Thr 




Gly23SSer 


Gly233Ser 






Ala42Gly 






Gly92Ser 


silent 


T3959A 






G3Q34A 






G3713A 






A3639G 








i O" — iHLv 






A3767G 


promo: or 


G42C5A 


G4205A 



[0399] Both the oacKcrossed and tne non-tackcrossed mutants nave a prom3te^ mutation (which by itself or in com- 
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bination results in a 2-3 told increase in expression level) as well as three comnnon amino acid changes (Glul04Lys, 
Metl82Thr and Gly238Ser) Glul04Lys and Gly238Ser are mutations that are present in several cefotaxime resistant 
or other TEM-1 derivatives (Table 4). 

s 9) Expression Level Comparison 

[0400] The expression level of the betalactamase gene in the wild-type plasmid. the non-backcrossed mutant and 
in the backcrossed mutant was compared by SDS-polyacrylamide gel electrophoresis (4-20%; Novex, San Diego CA) 
of periplasmic extracts prepared by osmotic shock according to the method of Witholt, B (32). 
10 [0401] Purified TEM-1 betalactamase (Sigma, St. Louis MO) was used as a molecular weight standard, and E. coli 
XL1-b!ue cells lacking a plasmid were used as a negative control. 

[0402] The mutant and the backcrossed mutant appeared to produce a 2-3 fold higher level of the betalactamase 
protein compared to the wild-type gene. The promoter mutation appeared to result in a 2-3 times increase in betalacta- 
mase. 

IS 

Example 6 Construction of mutant combinations of the TEM-1 betalactamase gene 

[0403] To determine the resistance of different combinations of mutations and to compare the new mutants to pub- 
lished mutants, several mutants were constructed into an identical plasmid background. Two of the mutations, 
20 Glul04Lys and Gly238Ser, are known as cefotaxime mutants. All mulanl combinations constructed had the promoter 
mutation, to allow comparison to selected mutants. The results are shown in Table 4 

[0404] Specific combinations of mutations were introduced into the wild-type pUC1 82Sf i by PGR, using two oligo- 
nucleotides per mutation. 

[0405] The oligonucleotides to obtain the following mutations were: 

2S 
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Ala42Gly 

[SEQ ID MO:ll) AGTTGGGTGGACGAGTGGGTTACATCGAACT and ( 5EQ ID NO : 12 ) 
AACCCACTCGTCCACCCAACTGATCTTCAGCAT; 
Glii39Iiys : 

(SEQ ID NO: 13) AGTAAAAGATGCTGAAGATAAGTTGGGTGCAC GAGTGGGTT and 
[SEQ ID NO: 14) ACTTATCTTCAGCATCTTTTACTT ; 
Gly92Ser : 

(SEQ ID NO: 15) AAGAGCAACTCAGTCGCCGCATACACTATTCT and (SEQ ID 
NO: 16) ATGGCGGCGACTGAGTTGCTCTTGCCCGGCGTCAAT; 
Gliil04Lys : 

(SEQ ID NO: 17) TATTCTCAGAATGACTTGGTTAAGTACTCACCAGT CACAGAA and 
(SEQ ID NO: 18) TTAACCAAGTCATTCTGAGAAT ; 
Met:182Thr : 

(SEQ ID NO: 19) AACGACGAGCGTGACACCACGACGCCTGTAGCAATG and (SEQ ID 
NO : 2 0 ) TCGTGGTGTCACGCTCGTCGTT ; 
Gly23eser alone: 

(SEQ ID NO: 21) TTGCTGATAAATCTGGAGCCAGTGAGCGTGGGTCTC GCGGTA and 
(SEQ ID NO: 22) TGGCTCCAGATTTATCAGCAA ; 
Gly238Ser and Arg241His (conLbined) : 

(SEQ ID NO: 23) ATGCTCACTGGCTCCAGATTTATCAGCAAT and 

(SEQ ID NO: 24) TCTGGAGCCAGTGAGCATGGGTCTCGCGGTATCATT ; G4205A: 

(SEQ ID NO: 25) AACCTGTCCT£5CCACCATGGCCTAAATACAATCAAA 

TATGTATCCGCTTATGAGACAATAACCCTGATA. 

[0406] These separate PGR Iragmenls were ge! purified away irom the syr^thetic oltgonucieoiides. 10 ng of each 
fragment were combined arid a reassembly reaction was performed at 9A°C for 1 m.inute and then 25 cycles: [94°C 
for 30 S8C. 50°C for 30 seconds and 72"C for 45 seconds] PGR was penormed on the reassembly product for 25 
cycles in the presence of the Sfil-containmg outside primers (primers C and D from Examole 5). The DNA was digested 
with Stn and inserted into the wild-type pUC1S2Sft vector The following mutant combinations were obtained (Table 4). 



Table 4 



Name 


Genotype 


MiC 


Source of MIC 


TEM-1 


Wild-type 


C 02 






Glul04_ys 


C 06 


10 




Gly238Ser 


C16 


ID 


TEM-15 


Giul04Lys/Gly235Ser* 


10 




TEM-3 


Glul04_ys-Gly2355er/3lr39^y£ 


10 2-32 


37 ^ 5 


ST-4 


Glu 1 04^ys/G ly238Ser/Met 1 82 Tnr* 


10 






Glu-'04„yS'3iy2355er/Met^52 Tnr^AlaieVal ^3959A'G371 3A. G3934A. 
A3689G* 







• All of theae mutanlG addHionaliy contain the G-;20:)A promote mutation 
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Table 4 (continued) 



Name 


Genotype 


MIC 


Source ot MIC 


ST-2 


Glu104Lys/Gly238Ser/Metl82Thr /Ala42Gly/Gly92Ser/Arg241 His/ 
T3842C/A3767G* 


640 




ST-3 


Glu104Lys/Giy23eSer/MetiB2Thr /Ala42Gly/Gly92Ser/Arg241 His* 


640 





* All of these muianis addilionally conlain the G4205A promote'- mutation 



10 [0407] It was concluded that conserved mutations account for 9 of 1 5 doublings in the MIC. 

[0408] G[ul04Lys alone was shown to result only in a doubling of the MIC to 0 08 MQ/ml, and Gly238Ser (in several 
contexts with oneadditional amino acidchange) resulted only in a MIC ot 0. 1 6 fag/ml (26). The double mutant Glut04Lys/ 
G!y23BSer has a MIC of 1 0 pg/mi. This mutant corresponds to TEM-1 5. 

[0409] These same Glu104Lys and Gly238Ser mutations, in combination with Gln39Lys (TEM-3) or Thr263Met 
75 (TEM-4) result in a high level of resistance (2-32 pg/ml for TEM-3 and 6-32 pg/ml for TEM-4 (34, 35). 

[0410] A mutant containing the three amino acid changes that were conserved after the backcross (Glu104Lys/ 
Mcti 82Thr/Gly238Scr)also had a MIC of 10 pg/ml. This meant that the mutations that each of the now selected mutants 
had in addition to the three known mutations were responsible for a further 32 to 64-fold increase in the resistance of 
the gene to cefotaxime. 

20 [041 1] The naturally occurring, clinical TEM-1 -derived enzymes [TEM-1 -1 9) each contain a different combination of 
only 5-7 identical mutations (reviews) Since these mutations are in well separated locations in the gene, a mutant 
with high cefotaxime resistance cannot be obtained by cassette mutagenesis of a single area This may explain why 
the maximum MIC that was obtained by the standard cassette mutagenesis approach is only 0.64 pg/ml (26). For 
example, both the Glu104Lys as well as the Gly23BSer mutations were found separately in this study to have MICs 

2s below 0 16 ^ig/ml Use of DNA shuffling allowed combinatoriality and thus the Glul 04Lys/Giy238Ser combination was 
found, with a MIC of 10 jug/i^l- 

[0412] An important limitation of this example is the use of a single gene as a starting point. It is contemplated that 
better combinations can be found if a large number of related, naturally occurring genes are shuffled. The diversity 
that is present in such a mixture is more meaningful than the random mutations that are generated by mutagenic 
JO shuffling. For example, it is contemplated that one could use a repertoire of related genes fronn a single species,, such 
as the pre-existing diversity of the immune system, or related genes obtained from many different species. 

Example 7. Improvement of antibody A10B by DNA shuffling of a library of all six mutant CDRs. 

35 [0413] The A10B scFv antibody, a mouse anti-rabbit IgG, was a gift from Pharmacia (Milwaukee Wl). The commer- 
cially available Pharmacia phage display system was used, which uses the pCANTABS phage display vector. 
[0414] The original A10B antibody reproducibly had only a low avidity since clones that only bound weakly to im- 
mobilized antigen (rabbit IgG), (as measured by phage ELISA (Pharmacia assay kit) or by phage titer) were obtained. 
The concentration of rabbit IgG which yielded 50% inhibition of the A10B antibody binding \n a competition assay was 

40 1 3 picomolar. The observed low avidity may also be due to instability ol the A10B clone 

[0415] The A10B scFv DNA was sequenced (United States Biochemical Co., Cleveland OH) according to the man- 
ufacturer's instructions. The sequence was similar to existing antibodies based on comparison to Kabat (33) 

1 ) Preparation of phage DNA 

[0416] Phage DNA having the A10B wild-type antibody gene (10 u!) was incubated at 99''C for 10 min, then at 72°C 
for 2 mm. PGR mix (50 mM KCI, 10 mM Tris-HCI pH 9 0. 0.1 °o Triton X-100. 200 each dNTR 1 ,9 mM MgCI). 0 6 
pm of each primer and 0.5 pi Taq DNA Polymerase (Promega, Madison Wl) was added to the phage DNA A PCR 
program was run for 35 cycles of [30 seconds at 9A°C. 30 seconds at 45°C 45 seconds at 72°C] The primers used were 
so 5' ATGATTACGCCAAGCTTT 3* (SEQ ID NC:26) and 
5' TTGTCGTCTTTCCAGACGTT 3' (SEQ ID NO:27). 

[0417] The 850 bp PCR product was then electrophoresed and ourified from a 2°o low melting point agarose gel 

2) Fragmeptation 

55 

[0418] 300 ng of the gel purified 850 bp band was digested with 0.18 units of DNAse I (Sigma. St Louis MO) in 50 
mM Tris-HCI pH 7.5, 10 mM MgCI for 20 minutes at room temperature The digested DNA was separated on a 2% lew 
melting point agarose gel and bands between 50 and 200 bp were purified from the gel 
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3) Cons: ruction of Test Library 

[0419] The purpose ot this experirtent was to test whe:he^ the inserticn ct the CDRs wouid be efficient 
[0420] The following CDR sequences having mternai restrtctior^ enzyme sites were syntnes:2ed "3DR H" means a 
5 CDR in the neavy chain and "CDR L" nneans a CDR m tr e light chain of tne antibody CDR Oligos with restriction sites: 

CDR HI (SEQ ID NO: 34) 

5 'TTCTGGCTACATCTTCACAGAATTCATCTAGATTTGGGTGAGGCAGACGCCTGAAS ' 

10 

CDR H2 (SEQ ID NO: 35) 

5 ' ACAGGGACTTGAGTGGATTGGAATCACAGTCAAGCTTATCCTTTATCTCAGGTCTCGAGT 
TCCAAGTACTTAAAGGGCCACACTGAGTGTA 3 ' 
CDR H3 (SEQ ID NO: 36) 

5 • TGTCTATTTCTGTGCTAGATCTTGACTGCAGTCTTATACGAGGATCCATTGGGGCCAAGG 
GACCAGGTCA 3 ' 
20 CDR LI (SEQ ID NO: 37) 

5 ' AGAGGGTCACCATGACCTGCGGACGTCTTTAAGCGATCGGGCTGATGGCCTGGTACCAAC 

AGAAGCCTGGAT 3 ' 

CDR L2 (SEQ ID NO : 3 8 ) 

5 ' TCCCCCAGACTCCTGATTTATTAAGGGAGATCTAAACAGCTGTTGGTCCCTTTTCGCTTCAGT 
3 ' 

CDR L3 (SEQ ID NO: 3 9) 
30 5 I ji^xGCTGCCACTTATTACTGCTTCTGCGCGCTTAAAGGATATCTTCATTTCGGAGGGGGGA 

CCAAGCT 3 • 

[0421] The CDR oliqos were added to the purified A1 OB antibody DNA fragnnents o*' between 50 to 200 bp from step 
35 (2) above at a 10 foid molar excess. The PGR mix (50 mM KC\. 10 nM Tris-HCl pH 9.0, 0.1% Tnton x-100. 1.9 mM 
MgCl. 20O um each dNTP 0 3 ul Taq DNA polymerase (Pronnega Madison Wi). 50 ii\ total volume) was added and 
the shuffling program run for 1 mm at 94°C. 1 mm at 72'*C, and then 35 cycles: 30 seconds at 9A°C. 30 seconds at 
55°C, 30 seconds at 72°C. 

[0422] 1 fjl of the shuffled mixture was addec to 100 ul of a PCR mix (50 mM KC!. 10 mM Tns-HCi pH 9 0, 0.1% 
Triton X-100, 200 |am each dNTR 1 9 mM MgCl 0 5 uM each of the two outside primers (SEQ ID NO;26 and 27 see 
below). 0.5 1^1 Taq DNA polymerase) and the PCR program was run for 30 cycles of [30 seconds at 94°C, 30 seconds 
at 45''C. 45 seconds at 72°C]. The resulting mixture of DNA fragments of 350 basepair size was phenol/chioroform 
extracted and ethanol precipitated 
[0423] The outside primers were: 
-J5 Outside Primer 1 SEQ ID NO, 27 5' TTGTCGTCTTTCCAGACGTt 3' 
Outside Primer 2 SEQ ID NO:26 5' ATG ATTACGCCAAGCTTT 3' 

[0424] The S50 bp PCR product was digested with the restriction enzymes S//1 and A/oft, Durified from a low melting 
point agaiose gel. and iigated into Ihe pCANTAB5 expression vector obtained liom Phatmacia, Milwaukee Wl. The 
ligaled vectot was electt opoi ated according to thte metnod set fofth by Invitiogen (San Diego CA) into TGI cells (Phai - 

50 macia. hTlilv.'aukee V;'l ) and plated for singie colonies 

[0425] The DNA from Ihe resulting colonies was adoed to 100 ul of a PCR mix (50 mM: KCi, 10 mM Tris-HCl pH 9.0 
0 1°o Triton X-100 20C um each dNT=^. V9 mM MgCl 0 5 liM of Outside pnme^ 1 (SEQ ID No 27 see below) six 
msidc pnmors fSEO ID NCS 40-45 sec bciow; and C 5 ui Taq DNA polymerase; and a PCR orogram wac run for 35 
cycles of [30 seconcs at 94=*C. 3D seconas a: 45°C 45 seconds at 72''C] Tne sizes ot tne PCR products were deter- 

55 mined by agarose gel electrophoresis and were used to determine which CDRs with restriction sites were inserted 
CDR Inside Primers 

H 1 (SEQ ID NO 40) 5' A3 AATTC ATCTAGATTTG 3' 
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H 2 (SEQ ID NO:41 ) 5' GCTTATCCTTTATCTCAGGTC 3', 
H 3 (SEQ ID NO 42) 5' ACTGCAGTCTTATACGAGGAT 3' 
L 1 (SEQ ID NO:43) 5' GACGTCTTTAAGCGATCG 3'. 
L 2 (SEQ ID NO:44) 5' TAAGGG AGATCTAAACAG 3', 
5 L 3 (SEQ ID NO;45) 5' TCTGCGCGCTTAAAGGAT 3' 



[0426] The six synthetic CDRs were inserted at the expected locations in the wild-type A10B antibody DNA (Figure 
7). These studies showed that, while each of the six CDRs in a specific clone has a small chance of being a CDR with 
a restriction site, nnost of the clones carried at least one CDR with a restriction site, and that any possible combination 
10 of CDRs with restriction sites was generated 

4) Construction of Mutant Connplementarity Determining Regions ("CDRs") 

[0427] Based on our sequence data six oligonucleotides corresponding to the six CDRs were made. The CDRs 
f5 (Kabat definition) were synthetically mutagenized at a ratio of 70 (existing base): 10:10:10, and were flanked on the 5' 
and 3' sides by about 20 bases of flanking sequence, which provide the homology tor the incorporation ot the CDRs 
when mixed into a mixture ot unmutagenized antibody gene tragments in a molar excess. The resulting mutant se- 
quences are given below. 
Oligos for CDR Library 

20 

CDR HI (SEQ ID NO: 28) 

5 ' TTCTGGCTACATCTTCACAA CTTATGATATAGACT GGGTGAGGCAGACGCCTGAA 3 ' 

25 

CDR H2 (SEQ ID NO: 29) 

5 ' ACAGGGACTTGAGTGGATTGGA TGGATTTTTCCTGGAGAGGGTGGTACTGAATACAATGA 
GAAGTTCAAGGGCAGGGCCACACTGAGTGTA 3 • 



CDR H3 (SEQ ID NO: 30) 

5 • TGTCTATTTCTGTGCTAGA GGGGACTACTATAGGCGCTACTTTGACTTG TGGGGCCAAGG 
GACCACGGTCA 3 ' 



CDR LI (SEQ ID NO: 31) 

5 * AGAGGGTCACCATGACCTGCA GTGCCAGCT CAGGTATACGTTACAT ATA TTGGTACCAAC 

40 

AGAAGCCTGGAT 3 • 



CDR L2 (SEQ ID NO: 32) 

5 *TCCCCCAGACTCCTGATTTAT GACACATCCAACGTGGCTCCTGGA GTCCCTTTTCGC^ 
3 ' 



CDR L3 (SEQ ID NO:33) 

5 ' ATGCTGCCACTTATTACTTGCC AGGAGTGGAGTGGTTATCCGTACACGT TCGGAGGGGGG 
ACCAAGCT 3 » , 

Bold and underlined sequences were the mutant sequences synthesized using a mixture of nucleosides of 70:10:10: 
10 where 70% was the wild-type nucleoside. 

[0428] A 1 0 fold molar excess of the CDR mutant oligos were added to the purified A1 OB antibody DNA fragments 
between 50 to 200 bp in length from step (2) above The PGR mix (50 mM KCL 10 mM Tns-HCI pH 9 0, 0 1% Triton 
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x-100 1?mN/MgCI 200 um each cNT- 0 5 Taq ON A ooiymerase ; Fromega Madison Wl:: 50 ut lotsi vciume': was 
added and the shutt ing prograrr run fo^ 1 nnin a: ^4=3 ' mm at 72='C ana tnen 35 cycies [30 seconds al h4='C 30 
seconds at 55=C 3C seconds at 72=^0] 

[0429] 1 Li! of the shuffled mix:ure was aadec tc 100 u a ==^CR mix ;50 mM KC: 10 mM Trs-HCi ot- 9 0 0 
^ Triton X-1 00 20c um each dNTP 1 9 mr\/ MgCI 0 5 each cl tre two ou:sice cr mers ( 5EQ ID NO 26 and 27 see 

below) 0 5 Ml Taq DNA po^ymierase) and the PGR proqrann was r^^n tor 30 cycies o' \ 30 seconds at 94^0^ 30 seconds 

at 45='C. 45 seconds at 72=^0] The resulting mixture of DNA fragments of 350 basepair size was phenol/chiorcform 

extracted and ethanoi precipr.ated 

[0430] The outside primers were 
TO Ojts.de Primer 1 SEQ ID NO:27 5' TTGTCGTCTTTCCAGACGT' 3' 

Outside Primer 2 SEQ ID NO 26 5' ATGATTACGCCAAGCTTT 3' 

5) Cloning of the scFv antibody DNA into pCANTAB5 

75 [0431] The B50 bp PGR product was digested with the ^estriciion enzymes Sfi\ and Not\. ourified from a low melting 
point agarose gel, and ligated into the pCANTABS expression vector obtained from, Pharmacia, Milwaukee VVl The 
heated vector was electroporated according to the metnod set torth by Invilrogen (San Diego CA) into TGI cells (Phar- 
macia. Milv;aukee Wl ) and the phage horary was grown uo using helper phage following the guidelines recommended 
by the manufacturer 

20 [0432] The library thai was generated in Ihis fashion was screened for Lhe presence of improved anUbodies. using 
SIX cycles of selectiori 

6) Selection 01 high affinity clones 

25 [0433] 1 5 wclis of a 95 well microtitcr plate wore coated with Rabbit IgG (Jackson Immunorcscarch. B:ir Harbor ME) 
at 10 Mg ^WGll for 1 hour at 37°C. and then blocked with 2"o non-fat dry milk in PBS for 1 hour at 37=^0 
[0434] 100 )^l of the phage horary (1x^0^° cfu) was blocked with 100 u! of 2^=0 milk for 30 minutes at room temperature, 
and then added to each of the 15 wells and incubated for 1 nour at 37^0. 

[0435] Then the wells were washed three times with PBS containing 0 5"o Tween-20 at 37°C for ID minutes per 
30 wash Bound phage was eluted with 100 pi elution buffer (Glycine-HCI. pH 2 2] followed by immediate neutralization 
with 2M Tris pH 7 4 and transfection for pnage production. This selection cycle was repeated six times 
[0436] After the sixth cycle, individual phage clones were picked and the relative affinities were compared by phage 
ELISA. and the specificity for the rabbit IgG was assayed with a kit from Pharmacia (Milwaukee Wl) according to the 
methods recommended by the manufacturer 
35 [0437] The best clone has an approximate y 1 00-fold improved expression level compared with the wild-type A10B 
when tested by the Western assay The concentration of the rabbit IgG which yielded 50% inhibition in a competition 
assay with the best clone was 1 picomolar. 'he best clone was reproducibly specific for rabbit antiger The number 
of cooies ot the antibody displayed by the phage appears to be increased 

•^0 Example 5 In vivo recombination via direct repeats of partial genes 

[0438] A olasmid v;as constructed with two partial inactive copies of the same gene (beta-lactam,ase) to demonstrate 
that recomcination between the common areas of these two direct ^epeats leacs to full-length active recombinant 
genes 

-45 [0439] A pUClB derivative carrying tne oacienal TEM-' betalactamase gene was used (Yamsh-Perron et ai.. 1985, 
Gene 33 103-n 9) The TEM-1 betalactamase gene \ "B\a") confers resistance to tacter.a against approximately 0 02 
Lig/ml of cefotaxime Sfh restriction sites were added 5" of the promoter and 3' of the end of the betalactamase gene 
by PGR ol [he vector sequence with two piimers 

Pftmei A fSEQ ID NO 46) 5' TTCTATTG ACGG3CTGTCAGGGCTC ATATATACTTTAGATTGATTT 3' 
so pRifviER B fSEQ ID NO 47) 5' TTG ACGO. ACT3GCC ATGGTGGCC AAAAATAAACAAATAGGGGT^CGGCGCAC 
A~TT 3' 

and by PGR of the bets lactamase gene sequence wr.h two other primers 

Primer C :SEO ID NC 4E ; 5' AAC TG ACC AC 3 GC DTG AC AGGC CGGTCT 3 AD AGTTAC CAA'G CT~ 3' 

Primer D :5EO ID NO" 49 ' 5 AACC^GTCC^G 3CC ACCATGGC CTAAA^AC A~C AAATATGTAT 3' 

[0440] The two reacton products were aiqes',ed wi:h Stil mixed ligaled and used tc transform competent E coii 

bacteria by the procedure descr bed below The resulting plasmio was pUCi &2Sf i*Bla-Sfi This oiasm d contains an 

S;71 fragment carrying tne Bla gene and tne promoter 

[0441] The minimum .nh.oitory concentration of cefotaxime for E coU XL1 -olue ( Strata gene. San D egc CA) carrying 
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pUCl82Sf!-Bla-Sfi was 0 02 ^g/ml after 24 hours at 37°C. 

[0442] The tetracycline gene of pBR322 was cloned into pUC1 8Sfi-Bla-Sfi using the homologous areas resulting in 
pBR322TetSfi-Bta-Sfi. The TEM-1 gene was then deleted by restriction digestion of the pBR322TetSfi-Bla-Sfi with Ssp\ 
and Fspl and blunt-end ligation, resulting in pUC322TetSfi-Sfi 
5 [0443] Overlapping regions of the TEM-1 gene were amplified using standard PGR techniques and the following 
primers 

Primer 2650 (SEQ ID NO: 50) 5' TTCTTAGACGTC AGGTGGCACTT 3' 

Primer 2493 (SEQ ID NO: 51) 5' TTT TAA ATC AAT CTA AAG TAT 3' Primer 2651 (SEQIDNO:52)5' 
TGCTCATCCACGAGTGTGGAGAAGTGGTCCTGCAACTTTAT 3, 'and 

10 Primer 2652 {SEQ ID NO: 53) ACCACTTCTCCAGACTCGTGGATGAGGACTTTTAAAGTT 

[0444] The two resulting DNA fragments were digested with S//1 and BstX1 and ligated into the Sfi site of 
pBR322TetSfi-Sfi. The resulting plasmid was called pBR322Sfi-BL-LA-Sfi. A map of the plasmid as well as a schematic 
of intraplasmidic recombination and reconstitution of functional beta-lactamase is shown in Figure 9. 
[0445] The plasmid was electroporated into either TG-1 orJC8679E. co//cells. E. co// JC8579 is RecBC sbcA (Oliner 

^5 et al., 1 993, NAR 21 :51 92). The cells were plated on solid agar plates containing tetracycline. Those colonies which 
grew were then plated on solid agar plates containing 1 00 |jg/ml ampicillin and the number ot viable colonies counted 
The beta-lactamase gene inserts tn those transformanis which exhibited ampicilhn resistance were amplified by stand- 
ard PGR techniques using Primer 2650 (SEQ ID NO: 50) 5' TTCTTAGACGTCAGGTGGCACTT 3' and Primer 2493 
(SEQ ID NO: 51) 5' TTTTAAATCAATCTAAAGTAT 3" and the length ot the insert measured. The presence of a 1 kb 

20 insert indicates thai the gene was successfully recombined, as shown in Fig. 9 and Table 5. 



TABLE 5 



Cell 


Tet Colonies 


Amp colonies 


Colony PGR 


TG-1 


131 


21 


3/3 at 1 kb 


JC8679 


123 


31 


4/4 at 1 kb 


vector control 


51 


0 





[0446] About 17-25% of the tetracycitne-resistant colonies were also ampicillin-resistant and all ot the Ampicillin 
resistant colonies had correctly recombined. as determined by colony PGR, Therefore, partial genes located on the 
same plasmid will successfully recombine to create a functional gene 



Example 9. In vivo recombination via direct repeats of full-length genes. 

35 

[0447] A plasmid with two full-length copies of different alleles of the beta-lactamase gene was constructed Homol- 
ogous recombination o1 the two genes resulted in a single recombinant full-length copy of thai gene. 
[0448] The construction ot pBR322TetSf!-Sfi and pBR322TetSfi-Bla-Sfi was descnbed above, 

[0449] The two alleles of the beta-lactamase gene were constructed as follows. Two PGR reactions were conducted 
40 with pUCI 8Sfi-Bla-Sti as the template. One reaction was conducted with the following primers. 
Primer 2650 (SEQ ID NO: 50) 5' TTCTTAGACGTCAGGTGGCACTT 3' 

Pnmer 2649 (SEQ ID NO: 51 ) 5' ATGGTAGTCCACGAGTGTGGTAGTGACAGGCCGGTCTG ACAGTTA CC AATGCTT 

3' 

The second PGR reaction was conducted with the following primers: 
4S Primer 264B (SEQ ID NO: 54) 5' TGTC ACTACCACACTCGTGGACTACGATGGCCTAAATACATTCAAA TATGTAT 3' 
Pnmor 2493 (SEQ ID NO: 51 ) 5' TTT TAA ATC AAT CTA AAG TAT 3' 

[0450] This yielded two Bla genes, one with a 5' S//1 site and a 3' BstXI sWe. the oiher with a 5' BstX^ site and a 3' 
Sfn site. 

[0451] After digestion of these two genes with BstX^ and S//1 , and ligation into the S//1 -digested plasmid 
50 pBR322TetSfwSfi a plasmid (pBR322-Sfi-2BLA-Sfi) with a tandem repeat of the Bla gene was obtained (See Figure 
10) 

[0452] The plasmid was electroporated into E. co// cells The cells were plated on solid agar plates containing 1 5 pg/ 
ml teiracyciine. Those colonies v/hich grew, were then plated on solid agar plates containing 100 ]^ig/rr\\ ampicillin and 
the number of viable colonies counted. The Bla inserts in those t^ansformants which exhibited amoicillin resistance 
55 were amplified by standard PGR techniques using the method and primers described in Example 6. The presence of 
a 1 kb insert indicated that the duplicate genes had recombined. as indicated in Table 5. 
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TABLE 6 



Cell 


ict Coonics 


Amp Colonics j Colony PCR 


TG-1 


2S 


54 


7 7 an Kb 


JC8679 




117 


3/3 a: 1 Kb 


vecto! contiol 


51 


0 





Colony PCR conftrrred that the tandenn repeat was et^iciently reccmbined to lorm a single recorrbtnani gene 
Example 1Q Multiple cycles of direct repeat recompination - inierplasmidic 

[0453] In order to determine whether multiple cycles of recombination could be used to produce resistant cells mor-e 
quickly, multiple cycles ol the method described in Example 9 were performed 

[0454] The minus recombination control consisted of a single copy of the betalactamase gene whereas the plus 
recombination exoeriment consisted of insertingtwo copies of betalactamase as a direct repeat The tetracycline mark- 
or was used to equalize the number of colonics that were selected for cefotaxime resistance in each round, to com- 
pensate for ligation efficiencies. 

[0455] In the first round pBR322Tet3fi-Bls-Sfi was digested witn £ca1 and subject to PCR with a 1 1 mix f1 ml) of 
normal anc Cadwelt PCR mix (Cadwell and Joyce (1992) PCR Methods and Applications 2 28-33) for error prone 
PCR The PCR program was 70°C for 2 minutes initially and then 30 cycles of 94°C for 30 seconds 52''C for 30 second 
and 72°C for 3 minutes and 6 seconds per cycle, followed by 72''C for 10 minutes 

[0456] The primers usee in the PCR reaction to create the one Bla gene control plasmid were Primer 2650 (SEQ ID 
NO 50) and Primer 271 9 f SEQ ID NO. 55) 5' TTAAGGGATTTTGGTCATGAG ATT 3' This resulted jn a mixed pooulation 
of amplified DNA fragments, designated collectively as fragment #59 These fragments had a number of different 
mutations 

[0457] The primers used in two different PCR reactions to create the two Bla gene plasmids were Primer 2650 (SEQ 
ID NO: 50) and Primer 2649 (SEQ ID NO 51) for the first gene and Primers 264S (SEQ ID NO. 54) and Pnmer 27^9 
(SEQ ID NO: 55) for the second gene. This resulted in a mixed population of each of the two amplified DNA fragments: 
Fragment ^^S9 (amplified with primers 2648 and 2719) and Fragment #90 (amplified with primers 2650 and 2649). In 
each case a number of different mutations had been introduced the mixed population of each of the fragmen:s. 
[0458] After error prone PCR. the population of amplified DNA fragment #59 was digested with Sfn , and tnen cloned 
into pBR322TetSfi-Sf[ to create a mixed population of the plasmid pBR322Sfi-Bla-SfiT 

[0459] After error prone PCR the population of amplified DNA fragments #90 and #39 was digested with S//1 and 
BstX\ at 50°C. and ligated into pBR322TetSf'-Sft to create a mixed population of the plasmid pBR322TetSf.-2Bla-SfP 
(Fig 10; 

[0460] The olasmids pBR322Sfi-Bla-Sfi'' and pBR322Sfi-2Bia-Sfi'' were elect^oporated into E col< JC8679 and 
placed on agar plates having differing concentrations ot cefotaximie to select for resistant strains and on tetracycline 
plates to tit^e 

[0461] An equal number of colonies (based on the numbe^ of colonies growing on letrticyclne) weie picked, grown 
in LB-tel and DNA extracted f^om the colonies This was one round of the recombination This DKA was digestec with 
Ecf\ and used for a second round of error-prone PCR as descriPed above 

[0462] After five rounds the MIC (minimum inhibitory concentration) for cefotaxime for the one fragment plasmic was 
0 32 whereas the MIC for the two fragment plasmid was 1 28 The results show that a^ter five cycles the resistance 
obtained w:th recombination was four^folc higher in the presence of in vivo recombination 

Example 1 ' In vivo recombination via electropcration of fragments 

[0463] Competenl E co*/ c ells containing pUC 1 8Sfi-Bla-S:i were prepared as described Plasmid nUCi 8Sf'-3la-Sfi 
contains the siandard TEM-1 bcta-lact=^mase gene as described supra 

[0464] A TEM-1 denvec cefotaxime resistance gene Iron pUC1 83fi-cef-Sfi 'done 3^2:. (Stemme' Vv^C -1994; 
Natu'e 370 389-91 incorporated herein by refeience) which confers on E co// carrying the olasmid an WlC of 640 ug 
m! for cefotaxime was obtained In one experiment the complete olasmid pUCI 8Sf i-ce*'- Sfi DNA was ciectr cporated 
into E coil eel s having the plasmid pUC 1 SSii-Bla-Sfi 

[0465] In another experiment tne DNA fragment containing the cefotaxime gene from pUCl 5Sfi-cef-Sfi was amplified 
DV PCP using the primers 2650 (SEQ ID NO 50) and 2719 (SEQ ID NO 55) Tne resulting 1 kb PCR product was 
digested into DNA fragments of <100 op by DNase and these fragments were electroporated into :he competent E 
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coh ceils which already contained pUC1 SSfi-Bla-Sfi 

[0466] The transfornned cells fronn both experiments were then assayed for their resistance to cefotaxinne by plating 
the transfornned cells onto agar plates having varying concentrations of cefotaxime. The results are indicated in Table 7 



TABLE 7 



Colonies/ Cefotaxime Concentration 




0.16 


0,32 


1.28 


5,0 


10 0 


no DNA control 


14 










ST-2 mutant, whole 




4000 


2000 


BOO 


400 


ST-2 mutant, fragments 




1000 


120 


22 


7 


Wildtype. whole 


27 










Wildtype, fragments 


18 











[0467] From the results it appears that the whole ST-2 Cef gene was inserted into either the bacterial genome or the 
plasmtd atter electroporation Because most insertions are homologous, it is expected that the gene was inserted into 
the plasmid, replacing the wildtype gene. The fragments of the Cef gene from St-2 also inserted efficiently into the 
wild-type gene in the plasmid No sharp increase in cefotaxime resistance was observed with the introduction of the 
wildlype gene (whole or in fragmenls) and no DNA Therefore, the ST-2 fragments were shown to yield much greater 
cefotaxime resistance than the wild-lype fragments. !l was conlemplaLed that repeated insertions of fragments, pre- 
pared from increasing resistant gene pools would lead to increasing resistance. 

[0468] Accordingly, those colonies that produced increased cefotaxime resistance with the St-2 gene fragments were 
isolated and the plasmid DNA extracted. This DNA was amplified using PCR by the method described above. The 
amplified DNA was digested with DNasc into fragments (<100 bp) and 2-4 pg of the fragments were olcctroporatcd 
into competent E. coll cells already containing pUC322Sfi-Bla-Sfi as described above The transformed cells were 
plated on agar containing varying concentrations of cefotaxime. 

[0469] As a control, competent E co// cells having the plasmid pUC1 8Sfi-Kan-Sfi were also used. DNA fragments 
from the digestion of the PCR product of pUCI 8Sfi-cet-Sfi were electroporated into these cells. There is no homology 
between the kanamycin gene and the beta-lactamase gene and thus recombination should not occur 
[0470] This RYpenment was repeated for 2 rounds and the results dfe shown in Taoie 6 



TABLE 8 
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40 



Rounc 


Cef cone 


KAN control 


Cef resistant colonies 


1 replate 


0.16-0,64 


lawn 


lawn 




0 32 


10 small 


1000 


2 Replate 


10 


10 


400 






lOOsm @ 2.5 


50 @ 10 


3 


40 


100 sm 






1280 




100 sm 



Example 12 Determination of Recombination Formats 



[0471] This experiment was designed to determine which format of recombination generated the most recombinants 
per cycle 

[0472] In the first approach, the vector pUCI 3Sfi-Bla-Sfi was amplified with PCR primers to generate a large and 
small fragrTient The large fiagrTionl liad the plasmid and ends having portions of the Bla gene, and the small fiagmenl 
coded for the middle of the Bla gene. A third fragment having the complete Bta gene was created using PCR by the 
method in Example 6. The larger plasmid fragment and the fragment containing the complete Bla gene were electro- 
porated into E coll JC8679 celts at the same time by the method described above and the transformants piated on 
differing concentrations of cefotfixime. 

[0473] In approach 2. the vector pUC 1 SSfi-Bla-Sfi was ampiificc to produce the large plasmid fragment isolated as 
in approach 1 above. Tne two fragments each comprising a portion of the complete Bla gene, such that the two frag- 
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msnis together spannea tne complete B;a gene wereaisc obtained by P3R Tne arge plasmd Iragment and tne two 
Bia aene iMgments were all electroporated inio competent E coli JCB67^ ceJs and tne translormants plated on varying 
concent'at DPS of cefotaxime 

[0474] ir the third approach Doth the vector and the piasmid were electropcratea into t coh JCe679 cells and me 
transformanis were olated on varying concentrations of cefotaxime 

[0475] ir the fojrth approach the complete Bla gene was electroporated into E col. JCe679 celis already containing 
the vector pUCSfi-Sti and the transfornants were plated on varying concentrations of cefo:ax me As controls the t 
coll JC8579 cells were electroporated with either the complete Bla gene or the vector a one 

[0476] Tne results are presented in Figure 11 The etticiency o1 the insertion of two fragments into the vector is 1 00 
X lower than when one fragment having the complete Bla gene is usee Approach 3 indicated tha: the efficiency of 
insertion does depend on the presence of tree DNA ends since no reconnbinants were obtained wrth this approacn 
However, tne results o*' approach 3 were also due to the low efficiency o: electroporation of the vector When the 
expression vector is already in the competent cells, the efficiency of the vector electroporation is not longer a factor 
and efficient homologous recombination can be achievea even with uncut vector 

Example 12 Kit for cassette shuffling to optimize vector perlormance 

[0477] In order to provide a vector capable of confernng an optimized phenotype {e g maximal expression of a 
vector-encoded sequence such as a cloned genei. a kit is provided comprising a variety of cassettes which can be 
shuff ed and optimi/ec shulfianls can be selected. F^gu^e 12 shows schematically one embodiment with each loci 
having a plurality of cassettes Foi example in a bactei al expression system, Figuie 13 shows example cassettes 
that are used at the resoective loct Each cassette of a given locus (e g . all promoters in this example) are flanked by 
substaniialiy identical sequences capable of overlapping the flanking sequence(s) of cassettes of an adjacent locus 
and preferably also capable ot participating in homologous recombination or non-homologous recombination {e g . lox/ 
ore or flp/fr: systems), so as to afford shuffling of cassettes within a locus but substantially not between loci. 
[0478] Cassettes are supplied in the kit as PGR fragments, whicn each cassette tyoe or individual cassette species 
packaged in a separate tube. Vector libraries are created by combining the contents of tubes to assemble whole plas- 
mids or substantial portions thereof by hybridization of the overlapoing flanking sequences of cassettes at each locus 
with cassettes at the adjacent loci The assembled vector is ligated to a predetermined gene of interest to form a vector 
library wherein each library member comprises the preaetermined gene of interest and a combination of cassettes 
determined by the association of cassettes. The vectors are transferred into a suitable host cell and the cells a^-e 
cultured under conditions suitable for expression, and the desired phenotype is selected 

Example : 3 Shuffling to optimize Green Fluorescent ;=^rotein (GFP) properties 

Background 

[0479] G^een fluorescen: protein ("GFP") is a polypeptide derived from an apopeptide having 235 ammo acid residues 
and a molecular weight of aporoximately 27.000. GFP contains a chromopnore formed from ammo acid residues 65 
through 57 As its name indicates. GFP fluoresces: it does not oioiuminesce like lucn'erase In vivo the chromophore 
of GFP ;s activated by energy transfer from coelenterazine complexed with the photoprotein aequorin. with GFP ex- 
hibiting green fluorescence at 510 nm. Upon irradiation with blue or UV light. GFP exhibits green fluorescence at 
approximately 510 nm 

[0480] The green fluorescent protein (GFP) of the jellyfish Aaquorea victoria is a very useful reporter for gene ex- 
pression and regulation (Prasner et al -1992: Gene 111 229 Prashereial ( 1 995) Trencs In Genetics IV 320 Chalfie 
et al (1 994) Science 263 802. incorporated herein by reference) W095/21191 discloses a polynucleotide sequence 
encoding a 235 ammo acid GFP apoprotein which conta ns a chromophore formed from amino acids 65 througn 67 
W095/21^. 91 disclose that a modificdtion of the cDNA lot the apopeptide ol A victo'ia GFP lesuUs in synthesis of hi 
peptide having alteied *'luoiescent propenies A n^utant GFP (S65T) 'esulting in a 4-6-fold imoiovement in excitation 
amphtude has been reported (Heim et a! (1994) Proc Natl Acad Sci fU S A ) 91 12501) 

Over^ie'A 

[0481] G^een fluorescent protein ;GFP) has rapidly oecome a widely used reporter of gene recutalion however in 
many organisms particularly eukaryotes the whole cell f.uo^escence S'ona was found to be too ow The goal was :o 
improve the wnote cell fluorescence of GFP tor use as a reporter for gene regulat on for t co// ana m.amm.ahan celts 
The tmprovem.en- of GFP by rational oestgn apoeared difficult because the quantum yield ot GFP is already 0 7-0 5 
!Ward et al i, 1952) Photochem Photobiol 35 503) and the expression levei ot GF^ in a standard E co// construct 
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was already about 75°/o of total protein. 

[0482] Improvement ot GFP was performed first by synthesis of a GFP gene with improved codon usage The GFP 
gene was tnen further improved oy the disclosed method(s), consisting of recursive cycles of DNA shuffling or sexual 
PCR ot the GFP gene, combined with visual selection of the brightest clones The whole cell fluorescence signal in E. 
coil was optimized and selected mutants were then assayed to determine performance of the best GFP mutants in 
eukaryotic ceils 

[0483] A synthetic gene was synthesized having improved codon usage and having a 2 8-fold improvement of the 
E coii whole cell fluorescence signal compared to the industry standard GFP construct (Clontech. Palo Alto, CA). An 
additional 16-fotd improvement was obtained from three cycles of sexual PCR and visual screening for the brightest 
E. CO// colonies, for a 45-fold improvement over the standard construct. Expressed in Chinese Hamster Ovary (CHO) 
cells, this shuffled mutant showed a 42-fold improvement of signal over the synthetic construct. The expression level 
in E. coll was unaltered at about 75% of total protein. The emission and excitation maxima of the GFP were also 
unchanged. Whereas in E. co//most of the wildtype GFP ends up in inclusion bodies, unableto activate its chromophore, 
most of the mutant protein(s) were soluble and active. The three amino acid mutations thus guide the mutant protein 
into the native folding pathway rather than toward aggregation. The results show that DNA sequence shuffling (sexual 
PCR) can solve complex practical problems and generate advantageous mutant variants rapidly and efficiently. 

MATERIALS AND METHODS 

GFP gene construction 

[0484] A gene encoding the GFP protein with the published sequence (Prasher et al. (1 995) op.cit , incorporated 
herein by reference) (238 AA 27 kD) was constructed from oligonucleotides. In contrast to the commercially available 
G^P construct (Clontech, Palo Alto, CA), the sequence included the Ala residue after the fMet, as found in the original 
cDNA clone Fourteen oligonucleotides ranging from 54 to 85 bases were assembled as seven pairs by PCR extension. 
These segments were digested with restriction enzymes and cloned separately into the vector Alpha \ GFP (Whitehorn 
et al. (1 995) Bto/Technoloqy 1 3 : 121 5 incorporated herein by reference) and sequenced. These segments were then 
heated into the eukaryotic expression vector A!pha+ to form the full-length GFP construct, Aipha+GFP {Fig. 14). The 
resulting GFP gene contained altered Arginine codons at amino acid positions 73 (CGT), SO (CGG), 96 (CGC) and 
1 22 (CGT) To reduce codon bias and facilitate expression in E coll, a number of other silent mutations were engineered 
into the sequence to create the restriction sites used in the assembly of the gene. These were S2 (AGT to AGC; to 
create an Nhel site) K41 (AAA to AAG: HinD!!!), Y7^. (TAC to TAT) and P75 (CCAtoCCG: BspEl). TIOS (AG A to AGG: 
Nnul) L141 (CTC toTTG) and E142 (GAAtoGAG; Xhol). 8175 ( TCC to AGC; BamHl) and 8202 (TCG to TCC: Sail). 
The 5' and 3' untranslated ends of the gene contained Xbal and EcoRl sites, respectively. The sequence of the qene 
was confirmed by sequencing. 

[0485] Other suitable GFP vectors and sequences can be obtained from the GenBank database such as via Internet 
World Wide Web, as files: CVU36202, CVU36201, XXP35SGFP, XXU19282, XXU19279, XXU19277, XXU19276, 
AVGFP2. AVGFPT XXU19251, XXU19230, XXU19278. AEVGFP, and XXU17997, which are incorporated herein by 
reference to the same extent as if the sequence files and comments were printed and inserted herein. 
[0486] The Xbal-EcoRl fragment of Alpha+GFR containing the whole GFP gene, was subcloned into the prokaryotic 
expression vector pBADIB (Guzman et at (1 995) J. Bacterid . 177 : 4121), resulting in the bacterial expression vector 
pBADI B-G'^P (Fig. 1 4). In this vector GFP gene expression is under the control of the arabinose promoter/repressor 
(araBAD). which is inducible with arabinose (0.2%). Because this is the only construct with the original ammo acid 
sequence, it is relerred to as wildtype GFP ('wt'). A GFP-expressing bacterial vector was obtained from Clontech (Palo 
Alto, CA). which IS referred to herein as 'Clontech' construct. GFP expression from the 'Clontech' construct requires 
IPTG induction 

Gene shuffling and selection 

[0487] An approximately 1 kb DNA fragment containing the whole GFP gene was obtained from the PBAD-GFP 
vector by PCR with primers 5'-TAGCGGATCCTACCTGACGC (near Nhel site) and 5'GAAAATCTTCTCTCATCCG 
(near EcoRl site) and purified by V^^izard PCR prep (Promega. Madison, Wl). This PCR oroduct was digested into 
random fragments with DNasc I (Sigma) and 50-300 bp fragments were purified from 2°o low melting point agarose 
gels The purified fragments were resuspended at 10-30 ng/ul in PCR mixture (Promega. Madison, Wl: 0.2 mM each 
dNTP/2.2 mM MgCiySO MM KCl/10 mM Tns-HCl, pH 9.0/0. T^^a Tnton-X-I 00) with Taq DNA polymerase (Promega) 
and assembled (without primers) using a PCR program of 35 cycles of 94°C 30s. 45°C 30s. 72°C 30s as described 
in Stemmer. WPC {1994) Nature 370 ' 339. incorporated herein by reference The product of this reaction was diluted 
40x into new PCR mix, and the lull length product was amplified with the same two primers in a PCR of 25 cycles of 
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9^=C 30s 5C^C 30s 72=^0 305 tollcwed by 72°C Icr 1 0 mn 
Eco^l Inis liDr?)ry of pc int-mutaled Rnd in vitro recorriDinsd 
iropcratea into E coii 'S' (Pharmacia) and p.aled on L3 
induce GFP expression from the arabinose promoter 



After digestion of the reassembled orodjct w'th Nhe! and 
3FP genes was cloned back into the PBAD vector eiec- 
plates with lOC ug/mi ampiciliin and 0 2 °c arao'nose :o 



Mutant selection 

[0488] Over a standard UV light box (365 nm) the 40 brightest colonies were selected and pooled The pool of 
coiones was used as the template for a PCF reacton to obtain a pool of GFP genes Cycles 2 and 3 were performed 
identical to cycle ' The Dest mutant ''rom cycle 3 was identified by growing coiomes in nicrotiler plates and fluorescence 
spectrometry of the microliter plates. 

[0489] For characienzation of mutants in E. coh, DNA sequencing was performed on an Applied Biosystems 391 
DNA sequencer 



CHO cell expression of GFP 

[0490] The wildtype and the cycle 2 and 3 mutant versions of the GFP gene were transferred into the eukaryolic 
expression vecto' Alpha+ ;1 6) as an EcoRI-Xbal fragment The plasmids were transtecied into CHO cells by electro- 
poration of 10" cells in 0 8 ml with 40 ug of p.asmed at 400V and 250uF Transformants were selected using i mg/ml 
G418 for 10-12 days. 

[0491] FACS analysis was caiiied out on a Becton Dickin&on FACSTAR Plus using an Argon ion laser tuned to 435 
nm Fluorescence was observed with a 535/30 run bandpass filter 



RESULTS 



Codon usage 

[0492] E CO// expressing the syntnetic GFP construct ('wt') with altered codon usage yielded a nearly 3~ioid greater 
whole cell fluorescence signal than cells expressing the 'Clontecn' construct (Fig 1 5A) The comparison was performed 
at fui; induction and at equal OD^qo addition to the substitution of poor argintne codons in the 'wt' construct and the 
N-terminal extension present in the 'Clontech' construct,, the expression vectors and GFP promoters are quite different 
The cause of the improved fluorescence signal is not enhanced expression level it is improved protein performance 



Sexual PGR 



[0493] The fluorescence signal of the synthetic 'wt' GFP construct was further improved by constructing s mutant 
library by sexual PGR methods as describee herein and in Stemmer WPC (1994) Proc Natl Acad Sci (U S.A.) 91: 
10747 and Stemmer WPC (1994) Nature 370: 309. incorporated herein by reference, followed oy plating and selection 
ot the brightest colonies. After the second cycle of sexual PGR and selection, a mutant ('cycle 2') was obtained that 
was about S-fold improved over 'wt'. and 23-fold over the 'Clontech* construct After the third cycle a mutant ('cycle 3') 
was obtained vuhich was lo-iS-tolc improved over the 'wt' construct and 45-told over the 'Clontech' construct (Fig 
15B) The peak wavelengths of the excitation and emission spectra of the mutants were identical to that of the 'wt' 
construct (Fig 158). SDS-PAGE analysis of whole ceils showed that the total level of the GFP protein expressed m 
al; three constructs v^as unchangec. at a surprisingly high rate ot about 75^o of tota protein (Fic 15 panels (ai and 
(b)). Fractionation of the cells by sonicatton and ceniritugatfon snowed that me wt' construct contained mostly inactive 
Qrp ,p tne -'orm of inclusion bodies, whereas the 'cycle 3' mutant GFP rem.ained mostly soluble and was able to activate 
Its chromophcre The mutant genes were sequenced and the 'cycle V mutant was found to contain more mutations 
Ihdn ihe 'cycle 3' mularM (Fig 17) The 'cycle 3' contained 3 pfoieiri muLadons and 3 silent muLaUons relative to tfie 'v.'t' 
coristmct IMutations F1 003. M1 54T and V164A nvolve the leptacement of hydiopliobic lesidues with moie hydiophilic 
residues (Kyte and Doolittie 1 952) One plausible explanation is that native GFP has a hydropnobic site on its surface 
by which it normally binds to Aeouonn. or to another protein In the absence of this other protein the hydrophobic site 
m,ay cause aggregation and prevent autocatalytic activation ot tne chromophore The three hydrophi ic mutations miay 
coun'.cract the hydrcphobtc site resulting in reduced aggregation and increased chromophorc activation Pulse chase 
exoe-iments with vv^oIg bacteria at 37=^0 showed tnat the T-, o 'or fluorophore formation was 95 minutes tor botn the 
'wt' and the 'cycle 3' mutant GFP 
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CHO cells 

[0494] Improvements in autonomous characteristics such as selt-folding can be tranferable to different cellular en- 
vironments Atter being selected in bacteria, the 'cycle 3' mutant GFP was transferred into the eukaryotic Aipha+ vector 

5 and expressed in Chinese hamster ovary cells (CHO) Whereas in E. co// the 'cycle 3' construct gave a 16-lB-fold 
stronger signal than the 'wt' construct, fluorescence spectroscopy of CHO cells expressing the 'cycle 3' mutant showed 
a 42-fold greater whole ceil fluorescence signal than the 'wt' construct under identical conditions (Fip. ISA) FACS 
sorting confirmed that the average fluorescence signal of CHO cell clones expressing 'cycle 3' was 46-fold greater 
than cells expressing the 'wt' construct (Fig. 18B). As for the 'wt' construct, the addition of 2 nnM sodium butyrate was 

10 found to increase the fluorescence signal about 4-8 fold. 

Screening versus selection 

[0495] These results were obtained by visual screening of approximately 1 0,000 colonies, and the brightest 40 col- 
^5 onies were picked at each cycle. Significant improvements in protein function can be obtained with relatively tow num- 
bers of variants. In view of this surprising finding, sexual PGR can be combined with high throughput screening pro- 
cedures as an improved process for the optimization of the large number of commercially important enzymes tor which 
large scale mutant selections are not feasible or efficient. 

Example 14 Shuffling io Generate Improved Peptide Display Libraries 

Background 

[0496] Once recombinants have been characterized from a phage display library, polysome display library, or the 
2S like, It IS often useful to construct and screen a second generation library that displays variants of the originally displayed 
sequence(s). However because the number of combinations for polypeptides longer than seven residues is so great 
that ail permutations will not generally be present in the primary library. Furthermore, by mutating sequences, the 
"sequence landscape" around the isolated sequence can be examined to find local optima, 

[0497] There are several methods available to the experimenter for the purposes of mutagenesis. For example, 
30 suitable methods include site-directed mutagenesis, cassette mutagenesis, and error-prone PGR 

Oven/iew 

[0498] The disclosed method for generating mutations in vitro is known as DNA shuffling. In an embodiment of DNA 
35 shuffling, genes are broken into small, random fragments with DNase I, and then reassembled in a PCR-like reaction, 
but typically without any primers The process of reassembling can be mutagenic in the absence of a proof-reading 
polymerase, generating up to about 0.7% error rate. These mutations consist of both transitions and transversion, often 
randomly distributed over the length of the reassembled segment. 

[0499] Once one has isolated a phage-disptayed recombinant with desirable properties, it is generally appropriate 
-^0 to improve or alter the binding properties through a round of molecular evolution via DNA shuffling. Second generation 
libraries of displayed peptides and antibodies were generated and isolated phage with improved (i e., 3-1000 fold) 
apparent binding strength were produced. Thus, through repeated rounds of library generation and selection it is pos- 
sible to "hil!-climb" through sequence space to optimal binding. 

[0500] From second generation libraries, very often stronger binding species can be isolated Selective enrichment 
-^5 of such phage can be accomplished by screening with lower target concentrations immobilized on a microriter plate 
or in solution, combined with extensive washing or by other means known in the art Another option is to display the 
mutagenized population of molecules at a lower valency on phage to select for molecules with higher affinity constants. 
Finally it is possible lo screen second generation libraries in the presence of a low concentration ol binding inhibitor 
(I e,. target ligand) that blocks the efficient binding of the parental phage. 

50 

Methods 

Exemplary Mutaqonosis Protocols 

55 [0501] A form of recombrnant DKA-based mutagenesis is known as oligonucleotide-mediated site-directed muta- 
genesis An oligonucleotide is designed such that can it base-pair to a target DNA. while differing in one or more bases 
near the center of the oligonucleotide When this oligonucleotide is base-patred to the single-stranded template DNA 
the heterodupiex is converted into double-stranaed DNA in vitro: in this manner one strand of the product will carry the 
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, These DNA mcecules a-e men propagated ^ 

..c,eo..e sequence - P--"- =^ '-"^"'^^"'^ 

.no nes.ed '^^^^ ^..agenes s ,s descr>.eO below 

[0502] A protocol lo^ =.n,ie 

.iranaed DNAIrom Ml 3 phage or ohagemids l^^'-"'; ,3^3 q, r^any thymine residues 

nucieoude kinase (In an Eppendorl lube^ q\ ATP for 30 mm 

nase m 50 mM (pH 7 5) 10 mM ^J^^'^ 5OO ,1 Eppendorl tube containing, 

fR^k containing water heated \o 70 ^ Atter b m . , ^ 

of lOOpt. 20 mM Tris-HC! ipM / ^ ' 
- ? units T4 DNA ligase 

eTe-T" add EDTA to 10 mM final concentration 3,np,e-stranded DNA should be converted 

W 20 „ -rom the -^P^ --^rcrhreSTome' 1 s i^' adjacent lanes (, e. , template ter^plate reaction 

to covalently-closed circular DN A E ec rcpho,ese s ,,,„dcd circular DNA 



} r.^fisette m utRgenesis 



!5 



40 



r^fiRette mut Roenesib ^ cassette muta- 

genesis The cassette can y amplifymq segments ot UNA wii ^ h |,,y,ng each 

^^^^^ 

rentiy 

^.qndonn codons 

. „.ns The fixed positions should correspond to the 

. Oes.n olLonuc eo-.ides .ith botn ''^^^ -1-;;-?.:^^^ — 
clorinc sites and trose coding -egions presumed 
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2 During synthesis of the oligonucleotide have the oligonucieotide synthesizer deliver equimolar announts of each 
base for N. guanosine and cytosine for K guanosine and thymidine for S 

"Spiked' codons 

5 

[0507] 

1 Design oligonucleotides with both fixed and mutated positions. The fixed positions should correspond to the 
cloning sites and those coding regions presumed to be essential for binding or function The probability of finding 
TO n errors tn an m long polynucleotide cassette synthesized with x fraction of the other three nucleotides at each 

position is represented by: 

P=|m!/(m-n)ni][x"][1-x]"''" 

75 

2. During synthesis of the oligonucleotide switch out the base Dottles Use bottles with 1 00% of each base for the 
fixed positions and bottle with 100-X% o1 one base and x/3% of each of the other three bases The doping ratio 
can also differ based on the average ammo acid use in natural globular proteins or other algorithms. There is a 
commercially available computer program. CyberDope, which can be used to aid in determining the base mixtures 
20 for synthesizing oligonudeolides with particular doping schemes A demonstiaiion copy of the CyberDope program 

can be obtained by sending an email request to cyberdope@aol com 

Directed codons 

2S [0508] 

1 Design oligonucleotides with both fixed and mutated positions. The fixed positions should correspond to the 
cloning sites and those coding regions presumed to be essential for binding or function One method has been 
described for inserting a set of oligonucleotides at a specific restriction enzyme site that encodes all twenty ammo 
30 acids (Kegler-Ebo et al (1 994) NucI Acids Res 22 1 593, incorporated herein by reference) 

2. During synthesis of the oligonucleotide split the resin at each codon 

Error-Prone PGR 

35 [0509] There are several protocols based on altering standard PCR conditions (Saiki et al. (1 988) Science 239: 467, 
incorporated herein by reference) to elevate the level of mutation during amplification. Addition of elevated dNTP con- 
centrations and/or Mn^^ increase the rate of mutation significantly. Since the mutations are theoretically introduced at 
random, this is one mechanism for generating populations of novel proteins. On the other hand, error-prone PCR is 
not well suited for altering short peptide sequences because the coding regions are short and the rate of change would 

-^0 be too low to generate an adequate number of mutants for selection, nor is it ideal for long proteins, because there will 
be many mutations within the coding region which complicates analysis. 

1 , Design oligonucleotide primers that flank the coding region of interest in the phage. They are often approximately 
21 nucleotides in length and flank the region to be mutagenized The fragment to be amplified can carry restriction 

-f5 sites within it to permit easy subcloning in the appropriate vector, 

2. The following reaction is set up: 

1 pmole of each primer: 1 pmole of the DNA template: 100 mM NaCI. T mM MnCl2 1 nnM DTT 0.2 mM of 
each dNTP. 2 units of Tag DNA polymerase, 
3 Cover the liquid with mineral oil. 
so 4 Cycle 24 times between 30 sec at 94=^0, 30 sec 45°C. and 30 sec at 72"C to amplify fragments up to 1 kb For 

longer fragments, tne 72°C step is lengthened by approximately 30 sec for each kb. 

5 Extend the PCR reaction for 5^0 mm at 72°C to increase tne fraction of molecules that are fullTength. This is 
important if the fragment termini contain restriction sites that v;ill be used in subcloning later 
6. ThePCR reaction is optionally monitored by ge! electrophoresis 
55 7 The PCR product is digested with the appropriate restriction er.zyme(s) to generate sticky encs The restriction 

fragments can be gel purified 

B The DNA segment is cloned into a suitable vector by ligation and introduced into host cells 
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DNA Shuffling 

[0510] ;n DNA shutting genes are broKer into 5n-,all ranaom Iragments with a pno5pnodies:er bond lytic agent, 
sucn as DNase 1 ard tnen reassembled m a PCR-like reaciior but witnour requirerrient for any added pnnners The 
process ot reassemDling can oe rr.utagenic n tne aosence of a proof-reading polynnerase generating up to approxi- 
nr,ateiy 0 7^o error wnen lC-50 bo traqnnents are used 

1 PCF ar-iphty the fragment to oe shulied Often it is convenient to PGR tronn a bacterial colony or plaque. Touch 
tne colony or plaoue vMth a stenie toothp ck and swirl in a PGR reaction mix (buffer decxynucieotides oligonucle- 
otide primers) Remove the toothpick and beat the react on for 10 mm at 99=*C Cool the reaction to 72'C add 1 -2 
units o^ Tag DNA polymerase, and cycle the reaction 35 times for 30 sec at S4°C 30 sec at 45"C. 30 sec at 72°C 
and finally heat the sample for 5 mm at 72°C. (Given conditions are fo' a 1 kb gene and are modified according 
tne the length of the sequence as descrioed ) 

2 Remove the free pr mers Complete primer removal is important 

3 Approximately 2-4 ug of the DNA is fragmented with 3.15 units ot DNase I (Sigm.a. 3t Louis, MO) in 100 m! of 
50 mM Tns-HCI (pH 7 4) 1 mM MgCt.. for 5-10 rrin at room temperature Freeze on dn/ ice. check size range of 
fagments or 2% low melting point agarose gel or equivalent, and thaw to continue digestion until desired size 
range is usee The desired size range depends on the application: for shuffling of a 1 kb gene fragments of lOC-300 
bases are normally adequate 

4 The desired DNA fragment size range is gel purified from a 2°o low melLing point agarose gel or equivalent A 
prefeired method is to .nsert a srTiall piece of Whatman DE-SI lonexchartge paper just in front of the DNA, run the 
DNA into *he paoer put the paper in 0 5 ml 1 .2 M NaGl m TE. vortex 30 sec then carefully spin out al the paper, 
transfer the supematant and add 2 volumes of lOO^o ethanoi to precipitate the DNA no cooing of +he samole 
should be necessary The DNA pellet is then washed with 70°u ethanoi to remove traces of salt 

5 The DNA pellet ;s rcsuspcndcd in PGR mix (Promcga Madison. Wl) containing 0.2 mM each DNTP 2.2 mM 
MgCL>50 mM KCI. 10 mM Tns-HCI pH 9 0. 0 l°o Tri:on X100 at a concentration of about 10-30 ng of fragments 
per fjrof PGR mix (typically 100-600 ng per 10-2C \a\ PCR reaction). Primers are not required tc be added m this 
PGR reaction. Taq DNA polymerase (Promega. Madison Wl) alone can be used if a substantial rate of mutagenesis 
(up to 0 7°o with 10-50 bp DNA fragmients) is desired The inclusion of a proof-reading polymerase, such as a 1 
30 (vol/vo!) mixture of Taq and Pfu DNA polymerase (Stratagene, San Diego. G A) is expected to yield a lower error 
rate and allows the PCR of very long sequences. A program of 30-45 cycles of 30 sec 94"C, 30 sec 45-50°C, 30 
sec 72°C. hold at 4='C is used in an MJ Research PTC-150 minicycler (Cambridge, MA) The progress of the 
assemoly can be checked by gel analysis The PCR product at this point contains the correct size product in a 
smear of larger and smaller Sizes 

6 Tne correctly reassembled product of this first PCR is amplified in a second PGR reaction which contains outside 
primers Aliquots of 7 5 of the PCR reassembly are diluted 40x with PCR mix containing 0.6 pM of each primer 
A PCR program of 20 cycles of 30 sec 94°C. 30 sec 50=^C. ana 30-45 sec at 72°C is run, with 5 mm at 72°C at the 
end- 

7 The desired PCR product is then a:gested with terminal -estriction enzymes, gel ourified, and cloned back into 
a vector which is often introduced into a host cell 

[0511] Siie-specific recombination can also be used, for example, to shuffle heavy and light antibody chains inside 
injected bacterial ce Is as a means ot trcreas:ng the binding affinity and specificity of antibody molecules It is possible 
to use the Cre^'iox system (Waterhouse ct a- (^993) NucI Acids Res 21 2265 Griffiths et al i1994) EMBO J 13 
3245. incorporated by reference! and the int system 

[0512] It IS possible to take recombinants and to snuttle them together lo combine advantageous mutations that 
occu' on different DNA mo.ecules and il is also possible to ta^.e a recombinant displayed insert and to "backcross' with 
paientdi sequences by DNA shuffling to lemove any mutations that do not contribute to the desired traits 

Example 1 5 Shuffling to Generate mproved Arsenate Detoxification Bactena 

[0513] Arsenic aeloxtf ication ig important lor goldmning of arsenopynie coniaining gold ores and other uses such 
as crvironmcnta! rcmcdiaticn Plasmid oGJI 03 containing an opcron encoding arsenate detoxification opcron (Wang 
eta: 1 989; Bacteno! "71 c3 incorpcraied nerein by reference) was obta.ned from Prof Simon Silver (L o* Illinois 
Chicago IL) E ccli ~G1 containing cJGl j3 ccrtaming the p1 258 ars operon cloned into pLiC19 had a MIC (mininnum 
inniotory concentration, o"' 4 ug-ml on L3 amp plates The ^A/hole 5 5 kb p.asmid was fragmented with DNAse ^ into 
fragments of 100-10:30 bp and reassemb,ea by POP using tne Pe^kir Elmer X_-PCR reagents Afte' assembling the 
pl^smid was digested with *he un que reslr;ction enzyme BamHI Thefull iength monomer was purified from, tne agarose 
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gel, ligated and electroporated into E coliTG 1 cells The trantormed cells were plates on a range of sodiunn arsenate 
concentrations (2, 4, 8. 16 mM in round 1 ), and approx 1000 colonies fronn the plates with the highest arsenate levels 
were pooled by scraping the plates. The cells were grown in liquid tn the presence of the sanne concentration of arsenate, 
and plasmid was prepared from this culture Round 2 and 3 were identical to round 1 except that the cells were plated 
5 at higher arsenate levels. 8, 16, 32, 64 mM were used for round 2; and 32. 64 128, 256 mM were used for selection 
of round 3. 

[0514] The best mutants grew overnight at up to 1 28 mM arsenate (M!C=:256), a 64-fold improvement. One of the 
improved strains showed that the TGI {wildtype pGGJ103) grew tn liquid at up to 1 0 mM, whereas the shuffled TG1 
(mutant pGJl03) grew at up to 150 mM arsenate concentration. 
10 [0515] PGR program for the assembly was94°C 20s, 50x(94°C 15s. 50° C 1 mm, 72°C 30s+2s/cycle), using a circular 
PGR format without primers. 

[0516] Four cycles of the process resulted in a 50-100-fold improvement in the resistance to arsenate conferred by 
the shuffled arsenate resistance operon; bacteria containing the improved operon grew on medium containing up to 
500 mM arsenate. 

15 [051 7] Figure 1 9 shows enhancement of resistance to arsenate toxicity as a result of shuffling the pG J1 03 plasmid 
containing the arsenate detoxification pathway operon 

Example 1 6. Shuffling to Generate improved Cadmium Detoxification Bacteria 

20 [0518] Plasmid pYW333, containing an operon for mercury detoxilication is a 15.5 kb plasmid containing at least 8 
genes encoding a pathway for mercury detoxification (Wang et al (1 989) Bactenol. 171 . 83, incorporated herein by 
reference), was obtained from Prof Simon Silver (Univ. Illinois, Chicago, IL) 400-1500 bp fragments were obtained 
as described supra and assembled with the XL-PCR reagents. After direct eleclroporation of the assembled DNA into 
to E. CO//TG1, the cells were plated on a range of levels of mercury chloride (Sigma) under a similar protocol as that 

2S described for arsenate in Example 1 5. The initial MIC of mercury was 50-70 |.iM. Four cycles of whole plasmid shuffling 
were performed and increased the detoxification measured as bacterial resistance to mercury from about 50-70 pM 
to over 1000 pM, a 15-20 fold improvement. 

Example 17 Enhancement of Shuffling Reactions by Addition of Cationic Detergent 

30 

[0519] The rate of renaturation of complementary DNA strands becomes limiting for the shuffling long, complex 
sequences This renaturation rate can be enhanced 10 OOO-fnld by addition cf cim.pSG cationic delytyeni (Poniius and 
berg (1 991) PNAS 88: 6237) The renaturation is specific and independent of up to a 10^ -fold excess of heterologous 
DNA, In the presence of these agents the rate which the complementary DNA stands encounter each other in solution 
35 becomes limiting. 

[0520] Addition of TMAC in an assembly reaction of a 15 kb plasmid followed by electroporation inlo E. coli resulted 
in the following results: 



TMAC (mM) 


# Colonies 


0 


3 


15 


88 


30 


301 


60 


15 


90 


3 



[0521] Addition of CTAB in an assembly reaction of a 1 5 kb plasmic followed by electroporation into E. coli resulted 
in the following results: 



CTAB (mM) 


^ Colonies 


0 


3 


30 


34 


100 


14 


300 


0 
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Example l S Sequence Shuff inc via PCR StJttennq 



[0522] Stuttering ts tragnentation by incorr.plete polymerase sxtensior of templates A recombination format based 
on very short PGR extension times was emoioyeo lo creaie parial PGR products wnich continue to extend off a 
5 deferent temp ate in tne next one subseauenti cycle;s; There was a strong growth rate bias between very similar 
templates ,nd calinc that tms forma: has significant lim^itations for the application to complex pools If used with a ^apid 
cycier such as the aircycter this forma; may worK better 

[0523] PGR programs usee fo^ PGR stuttering were 100 cycles of (94°C 15 sec. SO^'C 15 sec) Two separate PGR 
reactions were run to oota.n 1 Kb PGR fragments containing tne each of two G-P-negative recombination assay sub- 

10 strates (GFPstopI and GF^^ stop2j GFP-oositive recombinants can only be obtained by recombinalion o' these two 
templates The oligonucleotide pr-mers used at the 5' end is 5TAGCGGATCCTACGTACCTGA3GC. containing an 
Nhel site and the oiigc at the 3' end is 5'GAAAATGTTCTCTCATCC. containing an EcoRl site. A PGR reaction was 
set UD with a Ing of each G"P-negative gene as a template Tag PGR reagents can be used, but the use of error-prone 
PGR conditions f _eung 1 939 Gadwel and Joyce. 1 992) which reduce tne processivity, can increase the percentage 

'5 O*' GrP-po3itive recombinants 

[0524] A stuttering program, of 50-150 cycies of 94='G 10-20s. 50°C iO-30s was used on a Stratagene Robocycler 
The stuttered PGR product was digested with Nhel and Eco Rl and cloned-back into pBADlS vector digested with 
Nhel and EcoRI and electropcrated into E co:i and plated on amp plates GF^-positive colonies arise by recomDination 
between the two gFP-negative D^JA sequences and were detected The percentage of GFP-positive colonies obtained 

20 by si Jtlering was between 0 ' -1 O^'o depending on conditions 

[0525] A synthetic gene was aesigned 'oi each pioteirr using the identical {optimal E coli) codon usage based on 
the native ammo acd sequence This approach increases the DNA homology ot the synthetic genes relative to the 
naturally occurring genes and allows us to shuffle more distantly relateo sequences than would be possible without 
the codon usage adjustment Each of the four genes was assembled from 30 60 mer oligos and 6 40 mers. The 

25 assembly was performed by assembly ^CR as described by Stcmmcr ct al (1 995: Gene 16^:49-53). After assembling, 
the genes were cloned into Sh 1 sites of the vector pUC322 Sfi-BLA-Sfi (Stemmer et al {1 995) Gene 164:49-53) and 
plated on a selective media The minimum inhibito'Y activity of these four constructs for a wiae variety of oetalactam 
antibiotics was established Cefotaxime was one of the antibiotics that was selected for optimization against. The four 
genes were shuffled by pooling 1 ug of the GR product of each gene followed by DNAsel digestion of the pool and 

30 purification of 100-300 bp fragments from agarose gels The purified fragments were reassembled by sexual PGR 
initially without outside primers, anc then the full-length product was amplified in tne oresence of the outside primers. 
The resulting full-length genes were digested with Sfi\ and ligated into fresh pUC3223fi-Sfi vector and electroporated 
into f ^esh E coli cells, and plated on increasing concentration of several antibiotics, including cefotaxime, as described 
previously by Stemmer (1994) Nature 370 389-391. 

35 [0526] A manual shuffling PGR protocol is preferred for the mixing of genes tnat are less than 80-90°/o homologous 
The manual PGR uses a heal-labile DNA polymerase such as DNA poll Klenow fragmient. The initial PGR program 
with fragments in Klenow buffer at 10-30ng/ul and dNTPs: 

1-Denature 94°G 20s 
40 2-Quick-cool dry ice ethanol 5s ice 15s 

3- Add Klenow enzyme 

4- Anneal/extend 2 mm 2£°G 

5- cycle back to denature (cycle 1 ) 

-J^ This IS repeated lor 10-20 cycles to initiate the template switching, after which regular PGR with heatstable polymerases 
IS continued lor an additional 10-20 cycles to amplify the amount of procuct 

Example 1 9 Shuffling o( Anlibody Phdoe Display Libfanes 

so [0527] A stable and welhexpressed human singie-chain ^v framework (Vh25!-V[_A25) was obtained from an Ab- 
phage library constrjcted from naive hum^an mRNA by selection for binding to diptheria toxin This scFv framework 
w^as used to construct a naive Ac-ohaqe library containing six synthetically mutated GDRs based on the germlme 
sequences The decree of mutaccncsic of each residue was sim lar to its naturally occumng vanabiir.y within its V- 
region famny 

[0528] A PGR product containing the scPv gene w-as ranoom y f'agmernted with DNasel digestion and fragments of 
50-100 bp were pun'iec Synthetic oligonucicotides each containing a mutated CDR flanked by 19 bp of homology to 
the scPv Template were added to tne random fragments at a '0 ' molar ratio A library of full length mutated scFV 
genes was reassemoled from tne fragments by sexual PGR Cloning intc the p'll protein of M13 phage yielded an Ad- 
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phage library of 4 X 1 0^ plaque-forming units The combtnations of mutant and native CDRs were characterized by 
colony PGR with primers specific torthe native CDRs (see. Fig 7) All six mutated CDRs were incorporated with 32-65% 
efficiency and a wide variety of combinations Sequencing of the mutated CDRs showed that the observed mutation 
rate matched the expected rate 
5 [0529] This Ab-phage library was panned for two rounds in mtcrotiter plates for binding to ten human protein targets, 
and seven of these targets yielded ELISA-positive clones One target which resulted in positive clones was the human 
G-CSF receptor. The G-C3F receptor positive clones were subjected to a second round and one quarter of second 
round phage clones were ELISA-positive for binding to the G-CSF receptor 

[0530] This diverse pool was used to evaluate the suitability of three different sequence optimization strategies (con- 
TO ventional PCR, error-prone PCR, and DNA shuffling) After a single cycle of each of these alternatives, the DNA shuffling 
showed a sevenfold advantage, both in the percentage of Ab-phage recovered and in the G-CSF receptor-specific 
ELISA signal. The panning was continued for six additional cycles, shuffling the pool of scFv genes after each round. 
The stringency ol selection was gradually increased to two one-hour washes at 50° C in PBS-Tween in the presence 
of excess soluble G-CSF receptor. In rounds 3 to 8, nearly 1 00 percent of the clones were ELISA positive. When pools 
75 from different cycles were assayed at identical stringency, the percentage of phage bound increased 440-fold from 
cycle 2 to cycle 8, as shown in Fig. 31 , Individual phage clones from each round showed a similar increase in specific 
ELISA signal. Sequencing showed that the scFv contained an average of 34 (n=4) annino acid mutations, of which only 
four were present in all sequences evaluated. 

[0531] In order to reduce potential immunogenicity. neutral or weakly contributing mutations were removed by two 
20 cycles of backcrossing, with a 40-lold excess of a synihelicaliy constructed germline scFv gene, lollowed by stringent 
panning. The average number of amino acid mutations in the backcrossed scFvs weie nearly halved to 18 (n=3), of 
which only tour were present in all sequences The backcrossed Ab phage clones were shown to bind strongly and 
with excellent specificity to the human G-CSF receptor. Fig. 32 shows the effect of ten selection rounds for several 
human protein targets: six rounds of shuffling and two rounds of backcrossing were conducted. Fig 33 shows the 
25 relative recovery rates of phage, by panning with BSA, Ab 179. or G-CSF receptor, after conventional PGR ("non- 
shuffled"), error-prone PGR, or recursive sequence reconnbination ("shuffled") 

Example 20 Optimization of GFP in Mammalian Cells 

30 [0532] The plasmid vector pCMV-GFP, which encodes GFP and expresses it under the control of a CMV promoter, 
was grown in TGI cells and used to transfect CHO cells for transient expression assays. 

[0533] Plasmid was rescued from FACS selected transiently expressing TG"! cells by a pioiemcise K method or a 
PreTaq method (Gibco/BRL). Basically, the FACS collected cells were pelleted oy centrifugalion, freeze-thawed repet- 
itively, incubated with either proteinase K or PreTaq, phenol/chloroform extracted, ethanol precipitated, used to trans- 
35 form E. coll which were then plated on Amp plates The results were: 



Proteinase K method 


input 


- 5 x 10^ 


rescued 3 x 1 0^ 


PreTaq method 


input 


- 5 x 104 


rescued 2 x 1 0^ 



[0534] The rescued plasmid was grown up and 5 pg was partially digested with DNAsel and 50 to 700 bp fragments 
were gel purified, ethanol precipitated, and resuspended in 330^jl of 3 3x PGR buffer, 44 p! Mg(OAc)2 (Perkin-Elmer). 
193 pi 40% PEG^ 80 pMO mM dN^Ps, 20 pi Tth polymerase. 2 pi Pfu polymerase 7 pi TMAC (Sigma), and 367 pi 
HoO. PGR was conducted on a MJ Research PTC-1 50 minicycler for 40 cycles {94°C. 30 sec: 50°C. 30 sec, 72°C, 60 
sec) with three sets of primers, which yielded three end-overlapping PGR fragments which together and after digestion 
and ligation reconstituted the entire plasmid The PGR fragments were digested with AlwNI and the fragments were 
gel purified, ligated, and electroporated into TGI cells Plasmid DNA was prepared and electroporated into CHO cells, 
which were screened by FACS for the cells transiently expressing the brightest GFP signals. 

[0535] While the present invention has been described with reference to what are considered to be the preferred 
examples, it is to be understood that the invention is not limited to the disclosed examples To the contrary, the invention 
is intended to cover various modifications and equivalent arrangements included within the spirit and scope of the 
appended claims. 
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Claims 

1. A method of shuffling polynucleotides comprising: 

5 conducting a polynucleotide amplification process on overlapping segments of a oopulation of variants of a 

polynucleotide encoding a plurality of genes under conditions whereby one segment serves as a temolate for 
extension of another segment to generate a population of recombinant polynucleotides at least one of which 
encodes the plurality of genes; and 

screening or selecting a recombinant polynucleotide encoding the plurality of genes for a desired property 
10 conferred by the genes or their expression products, 

2. A method as claimed in claim 1 wherein the multiple genes are physically clustered in nature. 

3. A method as claimed in claim 1 wherein the multiple genes form a multicomponent pathway 

15 

4. A method as claimed in claim 3 wherein the expression products of the genes in the multicomponent pathway 
produce a secondary metabolite. 

5. A method as claimed in claim 4 wherein the secondary metabolite is a drug and the screening or selecting comprises 
20 spoiling samples of the secondary melaboltte on a lawn of cells and identifying a sample that results in clearing 

of the lawn indicating the sample is toxic to the cells. 

6. A method as claimed in clainn 4 wherein the secondary metabolite is an antibiotic. 

25 7. A method as claimed in claim 3 wherein the multiple gene pathway confers heavy metal resistance 

8. A method as claimed tn claim 3 wherein the multiple gene pathway confers arsenate resistance and the desired 
property is improved arsenate resistance. 

30 9. A method as claimed in claim 3 wherein the multiple gene pathway encodes at least eight genes conferring cad- 
mium resistance and the desired properly is mercury resistance. 

10. A rneihoa as claimed in any one of claims 1 to 9 wherein the variants comprise natural variants 

^5 11. A method as claimed in any one of claims 1 to 9 wherein the variants comprise induced variants 

12. A miethod as claimed in claim 10 wherein the naturally-occurring variants of a polynucleotide comprise human 
polynucleotides. 

■^0 13. A method as claimed in claim 10 wherein the naturally-occurring variants of a polynucleotide compnse bacterial 
polynucleotides. 

14. A method as claimed in claim 10 wherein the naturally-occurring variants of a polynucleotide comprise plant Doly- 
nucleotides. 

45 

15. A method as claimed in claim 10 wherein the naturally-occurring variants of a polynucleotide compnse animal 
polynucleotioes. 

16. A method as claimed in claim 10 wtterein the naturally-occui i ing variants compnse allelic vaiiants of the plurality 

50 of genes. 

1 7. A method as claimed in claim 1 0 wherein the naturally -occurring variants comprise species variants of the plurality 
of genes. 

55 18. A method as claimed in any one of claims 1 to 1 7 further comprising randomly fragmenting the population of 
variants of a polynucleotide before conducting the amplification process. 

1 9. A method as claimed in claim 1 3 wherein the population of variants of the polynucleotides are randomly fragmented 
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